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ABSTRACT 
 

Reports and surveys by the U.S. government and international organizations have 

repeatedly acknowledged the achievement problem in math in K-12 regardless of various efforts 

(e.g., by the U.S. Department of Education) to diminish it. To address the problem in math 

achievement in K-12, teachers, scholars, and the U.S. government have developed various 

materials and intervention tools. As a potential platform to address the problem in math 

achievement, video games generate a large variety of perspectives on their value. Along with the 

debate on the game’s inherent good or bad features, there is also a debate on the effectiveness of 

video games  as a learning tool. Regarding these debates and the ambiguous results on video 

games as learning tools, Greitemeyer and Mügge (2014) postulated that games can provide both 

positive and negative impacts according to their content (i.e., violent and pro-social games). 

However, recent literature investigating the use of video games in varied learning contexts shows 

that the learning effectiveness of games is still inconclusive. A potential reason is that video 

games mostly facilitate implicit qualitative understanding. Video games consist of rich 

interactive experiences that help to foster understanding of qualitative relationships in gameplay  

more than quantitative proficiency that is required in the formal school system (Clark et al. 2011; 

Squire, Barnett, Grant, & Higginbotham, 2004). Another reason is that educational game 

designers have paid little attention to designing and developing learning supports in educational 

games. Therefore, the current study aims to address a comprehensive question -- How does an 

educational game, through the use of learning supports, promote the application of acquired 

qualitative understanding to math problem solving in formal educational contexts? 

 A promising method to address the aforementioned problem is to externalize cognitive 

and metacognitive processes (Lajoie, 2009). Externalizing Problem Representation (EPR) refers 
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to a cognitive behavior in which a learner constructs her own representations overtly (Cox, 

1999). The processes of EPR are to re-order information in problem solving, to clarify 

ambiguous parts of the problem, and to modify and enact mental representations including 

mental animations and images. EPR helps to make missing and implicit information or 

representations explicit. There are several synonyms of Externalizing Problem Representation 

(EPR), such as external representation (Zhang, 1997), externalized cognition (Cox & Brna, 

1995), and re-representation (Ainsworth & Th Loizou, 2003). From the semiotics perspective, 

EPR can be categorized into two forms by its sign: Iconic and symbolic. 

 Although the potential benefits of externalizing problem representation was claimed in 

prior research, little attention was paid to investigating the design of EPR in video games. 

Compared to the studies of mental problem representation, few empirical studies on external 

representation have been conducted. Hence, it is warranted to examine the efficacy of learning 

support that promotes externalizing problem representation in two formats (i.e., iconic and 

symbolic) in the video-game-based learning setting. In light of this, the purpose of this study is to 

investigate whether EPR-promoting scaffolds (in iconic vs. symbolic formats) enhance 

qualitative understanding and quantitative proficiency in ratios and proportional relationships in 

a learning game context. Specifically, the learning game will request players to respond to either 

iconic or symbolic learning probes that help to externalize the mental representations of the math 

problems in the game. In this study, quantitative proficiency refers to the problem solving 

proficiency in both game and formal education context. The current study involves two levels of 

task complexity (i.e., low complexity vs. high complexity) as a moderating variable. 

The study addresses the following research questions: 

1. Will iconic learning probes promoting EPR enhance qualitative understanding and 
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quantitative proficiency in ratios and proportional reasoning, with the task complexity 

controlled in the educational game? 

2. Will symbolic learning probes promoting EPR enhance qualitative understanding and 

quantitative proficiency in ratios and proportional reasoning, with task complexity 

controlled in the educational game? 

3. Will iconic learning probes promoting EPR, in comparison to symbolic learning probes 

promoting EPR, be more effective in enhancing qualitative understanding and 

quantitative proficiency in ratio and proportional reasoning, with task complexity 

controlled in the educational game? 

To accomplish the purpose of this study, learning probes that prompt learners to 

externalize their internal problem representation were developed in two different formats, iconic 

and symbolic, based on Mayer’s math problem representation model. In the experiment, forty-

five participants in this study processed either iconic or symbolic learning probes during their 

gameplay. Finally, qualitative understanding and quantitative proficiency were measured three 

times: before this study, after playing the shipping container episode with a low complexity task, 

and after playing the shipping container episode with a high complexity task.  

Regarding Research Question 1, the result of repeated-measures ANOVA indicates that, 

for participants in the Iconic Learning Probe (ILP) group, the difference in qualitative 

understanding between the pretest, posttest, and posttest 2 was not statistically significant 

whereas the difference in quantitative proficiency between the pretest, posttest 1, and posttest 2 

was statistically significant. 

Regarding Research Question 2, the result of repeated-measures ANOVA indicates that, 

for participants in the Symbolic Learning Probe (SLP) group, the difference in qualitative 
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understanding between the pretest, posttest 1, and posttest 2 was statistically significant whereas 

the difference in quantitative understanding between the pretest, posttest 1, and posttest 2 was 

not statistically significant. 

Regarding Research Question 3, since there was a significant interaction between the 

times of measurement and the types of EPR in regard to both qualitative understanding and 

quantitative proficiency, pairwise comparisons using the Bonferroni method were drawn. There 

were significant differences in participants’ qualitative understanding between ILP and SLP 

groups in posttest 1 and posttest 2 whereas there was no significant difference in participants’ 

qualitative understanding between ILP and SLP groups in the pretest. Regarding the quantitative 

proficiency, there were significant differences in participants’ quantitative proficiency between 

ILP and SLP groups in posttest 1 whereas there was no significant difference in participants’ 

quantitative proficiency between ILP and SLP groups in the pretest and posttest 2. 

In the final chapter, I discussed major research findings of this study based on the 

theoretical research reviewed in Chapter 2. Then I described the implications of this study and 

suggestions for future study.
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CHAPTER 1 

INTRODUCTION 

 

1.1 Overview of the Study 

 
Reports and surveys by the U.S. government and international organizations have 

repeatedly acknowledged achievement problems in math in K-12 education regardless of various 

efforts (e.g., by the U.S. Department of Education) to increase proficiency. According to a 

survey by the Programme for International Student Assessment (PISA) in 2012, the United 

States ranked 26th among 34 Organisation for Economic Cooperation and Development (OECD) 

countries in math achievement (OECD, 2014). Specifically, PISA (2012) reported that U.S. 

students are deficient in solving problems involving real-world situations, reasoning associated 

with geometric contexts, and mathematical literacy when applying basic math skills in tasks that 

require higher-order thinking. Even though there were substantial investments to enhance math 

achievement, there has been no significant improvement in math performance, and the deficiency 

in math has not decreased over time (Hemphill & Vanneman, 2011; OECD, 2014; Vanneman, 

Hamilton, Baldwin Anderson, & Rahman, 2009). 

To address the problem in math achievement in K-12, teachers, scholars, and the U.S. 

government have developed various materials and intervention tools. Specifically, they devised 

new intervention tools and materials for learners with low math achievement to enhance the 

comprehension of computational fluency, procedures, and concepts, such as Common Core 

Standard-based textbooks and Information Communication and Technology (ICT) embedded 

interventions (Evan, Gray, & Olchefske, 2006; Glymph, 2010; Schmidt & Houang, 2007). 

Among the new intervention tools and materials, video games are a potential platform that 
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addresses the low achievement problem in math (Randel, Morris, Wetzel, & Whitehill, 1992). 

Specifically, educational games help to enhance motivation, engagement, and achievement in 

math (Hung, Huang, & Hwang, 2014; Ke & Grabowski, 2007; Kebritchi, Hirumi, & Bai, 2010). 

As a potential platform to address the problems in math achievement, video games 

generate conflicting perspectives as to their value. Like the emergence of other new media, there 

has been much debate on the inherent characteristics of video games since the earliest video 

games (e.g., Space War or Pong) were released. Scholars who address the disadvantages of video 

games, such as violence or addiction, express concerns that exposure to violent video games 

influences the possibility of aggressive behavior, thoughts, and emotions (Anderson & Bushman, 

2001; Anderson et al., 2010). However, proponents of video games argue that there is no 

empirical evidence of developing violent tendencies and/or addiction, and that many studies that 

yield these negative effects of video games were methodologically flawed since they used less 

precise measures (Anderson et al., 2010; Paik & Comstock, 1994). At the same time, numerous 

studies have been published that support the positive effects of video games on quantitative 

proficiency such as arithmetic (Pareto, 2014) and algebra (Bai, Pan, Hirumi, & Kebritchi, 2012).  

Along with the dichotomous debate on inherent good or bad features, video games are 

also debated as to their effectiveness as a learning tool. In terms of math learning, empirical 

studies have demonstrated that video games facilitate learning outcomes such as: math 

achievement (Bai et al., 2012; Hung et al., 2014; King, 2011), self-efficacy (Abrams, 2008; 

Hung et al., 2014), mathematical motivation and flow (Bai et al., 2012; Chang, Wu, Weng, & 

Sung, 2012), problem-solving skills (Chang et al., 2012), and a positive attitude toward math 

(Riconscente, 2013). Although there are studies that have yielded positive results, other studies 

regarding the effectiveness of video games on math achievement have yielded ambiguous or 
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negative results when compared to conventional learning methods. For example, Yang (2012) 

found that video games enhance problem solving skills but do not contribute to math 

achievement. Abrams (2008) argued that video games facilitate mathematical motivation and 

self-efficacy but not math achievement. Finally, Ferguson (2014) reported that students with 

traditional math instruction outperformed the students with math video games in math 

achievement. 

Regarding these debates and the ambiguous results on video games as learning tools, 

Greitemeyer and Mügge (2014) postulated that games can provide both positive and negative 

impacts. In other words, video games are a value-neutral vehicle that can accommodate both 

negative and positive learning content. This value-neutral perspective on video games postulates 

that the design of video games and the content they include are the key components to determine 

learning outcomes, not the inherent features of video games. As such, scholars have more 

recently focused on how to use video games for different purposes rather than debating the 

inherent characteristics of video games. For the purposes of learning and instruction, studies 

proliferated when people paid attention to the inherent power of video games such as Pac-Man 

to attract and engage people (Habgood & Ainsworth, 2011). Specifically, since a seminal article 

by Malone (1980) ignited research in terms of the effectiveness of learning games and how to 

design them in order to motivate learners (Blumberg, Almonte, Barkhardoru, & Leno, 2014), 

researchers have conducted studies to investigate how to design video games for the purpose of 

learning actively. 

However, recent literature investigating the use of video games in a variety of learning 

contexts does not always show the effectiveness of them in every learning context. Some of the 

research regarding the effectiveness of learning games has shown that video games in learning 
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are not as effective instructional tools as traditional instruction or instructional strategies (Emes, 

1997; Hays, 2005; Kebritchi et al., 2010; Mitchell & Savill-Smith; Randel et al., 1992). In the 

same vein, the literature review on the effects of math video games in the next section is also 

ambiguous. Regarding these conflicting results, educational game researchers attribute this to 

two reasons.  

First, video games facilitate implicit qualitative understanding. For instance, Shute, 

Ventura, and Kim (2013) found that playing the physics game Newton’s Playground enhances 

participants’ qualitative understanding (i.e., implicit understanding of Newton’s laws). 

Qualitative understanding refers to constructing mental representations that aid in understanding 

relationships among elements in a problem. For example, after playing Newton’s Playground, 

students are able to infer that if the mass increases the force increases as well, as long as 

acceleration remains consistent, even though they may not be able to calculate how much the 

force would increase (i.e., quantitative understanding). Thus, students understand the basic 

dynamics of the relationships among elements of the problem. Consequently, qualitative 

understanding helps learners to frame the problems, but quantitative understanding helps learners 

to solve problems. Experts in a domain demonstrate an advanced level of qualitative 

understanding to infer qualitative relationships when solving complicated problems (VanLehn & 

van de Sande, 2009). There are several synonyms of qualitative understanding including 

conceptual understanding of real world situations (VanLehn, 1996) and domain-specific 

intuitions (Simon & Simon, 1978). 

Most well-designed video games consist of rich interactive experiences, which help foster 

understanding of qualitative relationships in gameplay (i.e., related to in-game performance) 

rather than quantitative proficiency, which is required in the formal school system (Clark et al. 
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2011; Squire, Barnett, Grant, & Higginbotham, 2004). In addition, Waldrip, Prain, and Sellings 

(2013) stressed that guided inquiry like video games help players to develop qualitative 

conceptual understanding. Since video games tend to promote intuitive and phenomenological 

qualitative understanding, game players have difficulty applying the understanding of concepts 

accquired in video games to the formal school context which requires cognitive processes 

involving explicit understanding. For instance, Masson, Bub, and Lalonde (2011) argued that a 

commercial game (i.e., Enigmo) demonstrated no increase in physics knowledge but contributed 

to the ability to describe scientific phenomenon.  

Second, educational game designers have paid little attention to designing and developing 

learning supports in educational games. Despite the growing number of video game studies 

showing positive effects on learning (e.g., science proficiency and process skills, see Clark et al., 

2011), video games cannot always be effective unless learning support is embedded. In other 

words, a large amount of domain-specific knowledge (e.g., mathematics or science) in video 

games does not guarantee their effectiveness, and they require learning supports to facilitate 

learning (Garris, Ahlers, & Driskell, 2002). Regarding the role of learning supports, Clark, Yates, 

Early, and Moulton (2010) and O'Neil, Wainess, and Baker (2005) described that it is necessary 

to employ learning supports in new media such as video games since they are just a delivery 

method, so learning supports which are fit to the characteristics of the new media are required. 

For instance, learners require learning support in complex learning environments such as 

educational games to avoid irrelevant information (Wouters & van Oostendorp, 2013). In 

addition, Hayes (2005) indicated that scaffolding (i.e., synonymous with learning supports), 

including supportive social context, is required for effective learning games. Finally, Clark et al. 

(2011) argued that video games need to provide not only an interactive environment that 
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engenders engagement, but also learning supports to apply qualitative understanding to formal 

school learning context. Based on the aforementioned two reasons, the current study raises one 

comprehensive question to advance. How do educational games, through the use of learning 

supports, promote the application of acquired qualitative understanding in the game to problem 

solving in formal educational contexts? 

 A promising method to address the problem is to externalize cognitive and metacognitive 

processes (Lajoie, 2009). Through the externalization process, learners are able to revisit and 

reflect upon their own understanding, and notice any issues with it (Cox, 1999; Kolloffel, 

Eysink, & de Jong, 2011). For example, articulation of cognitive processes provokes learners to 

think about their learning and understanding (Sawyer, 2006). When the students’ understanding 

becomes qualitative and implicit, Waldrip et al. (2013) also argue that it is necessary to explicate 

students’ reasoning to verify the validity of the cognitive processes. In addition, Masson et al. 

(2011) emphasize the presence of “interpretive information” (p. 172) that promotes interpretation 

of critical aspects in learning games.  

Specifically, it is beneficial for learners to externalize mental problem representations to 

associate qualitative understanding with quantitative proficiency, so that learners are able to 

apply the qualitative understanding to problem solving situations in formal educational contexts 

later. Problem representation refers to the process by which problem solvers build mental 

representations or mental models, which involve information regarding various relations of the 

problem (Krawec, 2010). According to Mayer’s problem solution model, problem representation 

includes comprehending the problem (i.e., problem translation) and interpreting the elements of 

the problem to build structural representations (Mayer, 1985). He argued that appropriate 

problem representation is one of the critical elements to solve problems effectively. In addition, 
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Jonassen (2003) described that expert problem solvers demonstrate a high degree of coherent and 

interconnected problem representation whereas novice problem solvers do not.  

Externalizing Problem Representation (EPR) refers to a cognitive behavior in which a 

learner constructs her own representations overtly (Cox, 1999). The effects of EPR are to re-

order information in problem solving, to clarify ambiguous parts of the problem, and to modify 

and enact mental representations including mental animations and images. Finally, EPR can help 

to make missing and/or implicit information or representations explicit. There are several 

synonyms of Externalizing Problem Representation (EPR) such as external representation 

(Zhang, 1997), externalized cognition (Cox & Brna, 1995), and re-representation (Ainsworth & 

Th Loizou, 2003).  

From the semiotics perspective, EPR can be categorized into two forms by its sign: iconic 

and symbolic. Iconic problem representation refers to representation of artifacts by signs, in 

which a geometrical similarity or resemblance exists between objects or the evoked mental 

model of the objects (i.e., signified) and signs (i.e., signifier) such as graphical pedestrian 

crossing signs or falling rocks signs (Hockett Charles, 1958; Vincent, 1980).  On the contrary, 

symbolic problem representation refers to representation of artifacts by signs, which involve 

“arbitrary structure and associated with the designated object by a convention” (Schnotz, Baadte, 

Muller, & Rasch, 2010, p. 19) such as words, sentences, numbers, or mathemetical symbols or 

equations (e.g., a(b+c)=ab+ac).  

These two formats of externalized representation have a distinctive comprehension 

process. From the cognitive psychology perspective, comprehension refers to constructing 

mental representations (Kintsch, 1998). According to Schnotz and Bannert’s (2003) integrated 

model of text and picture model comprehension, the two forms of representation are processed 
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distinctively and result in different forms of mental representations. For example, the cognitive 

process of symbolic representation results in descriptive representations including propositional 

representation whereas the cognitive process of iconic representation results in depictive 

representation such as visual perception and mental models. 

Although the potential benefits of externalized problem representation were claimed in 

prior research, little attention was paid to investigating the properties of EPR in video games. 

Compared to the studies of mental problem representation, few empirical studies on external 

representation have been conducted. Specifically, research is needed to examine the efficacy of 

learning supports that promote externalizing problem representation in two formats (i.e., 

symbolic and iconic) in video-game-based learning settings.  

1.2 Research Purpose and Questions 

The purpose of this study is to investigate whether the type of scaffolding in different 

formats (i.e., iconic vs. symbolic) promoting EPR improves qualitative understanding and 

quantitative proficiency in ratios and proportional relationships in a learning game context. To 

provide scaffolding, the learning game will request players to respond to either iconic or 

symbolic learning probes that help externalize the mental representations of the problem in the 

game. A learning probe is a brief version of scaffolding that requires learners to respond during 

instruction in general. In the present study, learning probe refers to the scaffolding artifacts that 

help learners to express their problem representation overtly in the game. In the research, 

quantitative proficiency refers to problem solving proficiency in both game and formal education 

contexts.  

The current study involves two levels of task complexity (i.e., low vs. high) as a 

moderating variable. The low complexity task embedded in Earthquake Rebuild was developed 
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based on Common Core Standard for Mathematics (CCSM) for six grade in Ratio and 

Proportional Reasoning, “understand the concept of a ratio and use ratio language to describe a 

ratio relationship between two quantities” (Common Core State Standards Initiative, 2010, p. 

42), whereas the high complexity task was developed based on CCSM for seven grade in Ratio 

and proportional Reasoning, “compute unit rates associated with ratios of fractions, including 

ratios of lengths, areas and other quantities measured in like or different units,” (p. 48)  

The current study addresses the following research questions: 

1. Will iconic learning probes promoting EPR enhance qualitative understanding and 

quantitative proficiency in ratios and proportional reasoning with task complexity 

controlled in the educational game? 

2. Will symbolic learning probes promoting EPR enhance qualitative understanding and 

quantitative proficiency in ratios and proportional reasoning with task complexity 

controlled in the educational game? 

3. Will iconic learning probes promoting EPR, in comparison to symbolic learning probes 

promoting EPR, be more effective in enhancing qualitative understanding and 

quantitative proficiency in ratio and proportional reasoning with task complexity 

controlled in the educational game? 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Introduction 

The main themes of this literature review are fourfold: the effectiveness of video games 

in learning, math video games, problem representation, and externalization. First, I will explore 

the existing studies of the general advantages of video games in a learning context. I will then 

present a meta-analysis of math games to investigate the effects of current math games on 

learning and issues in regard to ambiguous results. Next, the features and methods of promoting 

problem representation will be discussed to address the question of how math video games can 

help learners’ problem representation. Finally, I will discuss externalization as a promising 

method to help learners’ problem representation. 

 

2.2 General Advantages of Video Games in a Learning Context 

2.2.1 Enhanced motivation  

 
The primary advantage of using video games in learning contexts is that games inherently 

motivate players, so that game players are willing to spend time and effort to explore and 

complete games (Dickey, 2011). In other words, educational games provide unique experiences 

that enhance student motivation and engagement (Fooks, 2014; Yang, 2012). Indeed, educational 

games are a good platform for embedding effective devices that provoke players’ interest. Based 

on previous studies, Wouters, van Nimwegen, van Oostendorp, and van der Spek (2013) posited 

five specific factors affecting intrinsic motivation in educational games: challenge, curiosity, 

fantasy, autonomy, and competency. In terms of these motivational features of the video game 
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platform, Cordova and Lepper (1996) reported that video games allowing contextual situations, 

personal areas, and multiple choices to players enhance intrinsic motivation, engagement, and 

achievement.  

 

2.2.2 Elevated interactivity 

  
In addition to the motivation video games can engender, they support a paradigm shift 

regarding learning and the learner’s role that emphasizes interactivity. According to the 

perspectives of constructivism and active learning theory, learning occurs by constructing 

knowledge through interacting with environments rather than listening passively. In contrast to 

the objectivist view such as in behaviorist or information-processing theories, constructivism 

defines learning as an interpretation of the learner’s experience. Constructivists state that the 

learner is a knowledge constructor or interpreter (Driscoll, 2005). According to the constructivist 

perspective, effective learning environments are defined as interactive places where learners can 

collaborate with other colleagues, tools, and information resources to achieve learning goals 

(Wilson, 1996). Garris et al. (2002) argued that this paradigm shift towards interactivity 

facilitates the use of interactive technologies like video games in learning. Specifically, video 

games yield a high degree of interactivity compared with existing arts or media such as pictures, 

photos, radio, or movies. 

 

2.2.3 Accommodation of extended cognitive activity 

  
Video games provide good environments for cognitive activity. According to the 

perspectives of distributed cognition and extended mind, the boundaries of thinking and learning 

are increased to encompass interactions between people and environments (e.g., resources and 
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materials) beyond the individual (Hollan, Hutchins, & Kirsh, 2000). Specifically, cognition is 

distributed across external cognitive artifacts surrounding the individual through interaction 

between the individual and his/her environment such as contexts (i.e., physical, cultural, and 

social), people, and their activity (Hutchins, 2000, 2001; Hutchins & Klausen, 1996; Zhang & 

Patel, 2006). Applying these theories to the video game platform, various authentic situations 

and vicarious learning supported by video games extend the boundary of cognitive activities. 

 

2.2.4 Support of complex learning  

 
Educational games support learning environments involving complex tasks requiring 

higher-order epistemological activities, such as creative thinking and problem solving, and real-

life situations with high external validity (Frensch & Sternberg, 1991; Schnotz et al., 2010). A 

complex learning environment is defined as an environment that provides learners with authentic 

tasks, and requires integrating knowledge, skills, and abilities to complete the tasks (van 

Merrienboer, Kirschner, & Kester, 2003). Specifically, complex learning requires practical 

educational approaches such as project-, competency-, and problem-based learning. These 

educational approaches rely on learning theories including cognitive apprenticeship, constructive 

learning, collaborative problem solving, and goal-based scenarios (van Merrienboer et al., 2003). 

To implement effective complex learning environments, Fooks (2014) postulates that the 

narrative, embedded in audio and visual artifacts (i.e., game elements) allows learners to 

experience deeper learning. In addition, O'Neil et al. (2005) suggest that video games support 

“complex and diverse approaches to learning process and outcomes” (p. 455). Finally, empirical 

studies indicate that video games promote understanding and learning of complex subjects 

(Cordova & Lepper, 1996; Garris et al., 2002; Ricci, Salas, & Cannon-Bowers, 1996).  
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2.3 Math Video Games 

In the previous section, I explored the general advantages of learning video games in 

terms of motivation, interaction, cognitive activity, and complex learning. In the current section, 

I examine the effects of math games on math achievement. For this purpose, I conducted a meta-

analysis to investigate the effectiveness of video games on math learning. In this meta-analysis, I 

focused on research investigating the effect of math learning games on achievement. 

Previous studies found positive effects of math video games on learning achievement, 

and identified player characteristics associated with these positive effects: enhanced motivation 

(Hung, Huang, & Hwang, 2014; Kebritchi et al., 2010), higher achievement (Hung et al., 2014; 

Ke & Grabowski, 2007; Kebritchi et al., 2010), improved attitude toward math (Hung et al., 

2014; Ke & Grabowski, 2007), and benefits for players with disabilities (Bahr & Rieth, 1989; 

Ota & DuPaul, 2002). On the other hand, some inconsistent results were reported for math video 

games, specifically for achievement (e.g., Abrams, 2008; De Jean, Upitis, Koch, & Young, 1999; 

Haynes, 1999; Kebritchi et al., 2010). 

To explore the controversy, several qualitative systematic reviews were conducted 

regarding the effectiveness of video games in learning (e.g., Ke, 2009; Wilson, 2013) as well as 

quantitative meta-analyses (e.g., Merchant, Goetz, Cifuentes, Keeney-Kennicutt, & Davis, 2014; 

Wouters et al., 2013; Wouters & van Oostendorp, 2013). However, previous meta-analyses 

focused on the effectiveness of video games on learning in general, not specifically math video 

games. Thus, a closer examination of the features of math problem solving and math video 

games was needed to determine their effectiveness, specifically related to math achievement. 

Therefore, I synthesized the studies of video games in math to examine the effects of using video 

games on achievement in math learning. 
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2.3.1 A meta-analysis 

  
To compare the effects of math-related video games on math achievement, ProQuest 

databases including ERIC, ProQuest Dissertations and Theses, ProQuest Education Journals, 

ProQuest Illustrata, and PsycINFO, SpringerLink, Web of Science, and ScienceDirect were used 

for searching relevant literature between 2005 and 2014. Specifically, I identified relevant 

studies by utilizing the following key descriptors and combinations of these descriptors: game, 

mathematics, and experiment. All kinds of video or computer games were included regardless of 

the platform. Non-electronic games such as paper-based board games or pen-and-paper games 

were excluded.  

 In the first search, 246 studies were identified including articles and dissertations. After 

screening for the publication year and title, 36 studies were selected. Four inclusion criteria were 

used to select the current research. First, the study used a traditional learning intervention as the 

control group and a math learning game intervention as the experimental group. Second, 

outcomes were used to compare math achievement between the control and experimental groups. 

Third, the study provided appropriate statistics to compute effect sizes (i.e., means and standard 

deviations to calculate the effect size). Fourth, the math learning game intervention was not 

combined with other types of intervention. Exclusion criteria included the following: the study 

did not include a control group, did not provide enough statistics to calculate the effect size, 

and/or did not involve video games in learning. For example, studies related to paper-based 

games and simple simulations for learning treatment were excluded. Based on these inclusion 

and exclusion criteria, 17 studies were selected for the final meta-analysis, which had 27 

standardized mean difference effect sizes (see Table 1). 
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Table 1. 

List of Selected Studies 

ID Study  
N 
of 
Ctrl 

N 
of 
Ex 

Year Age Period Game Genre  Subject  
Outcome 
Measure 

1 Bai et al.  192 245 2012 G8 18 weeks DimensionM Algebra Benchmark test 

2 Swearingen 93 127 2011 
G9-
12 

7 weeks 
Interactive 
virtual  

Algebra I Standardized test 

3 Pareto 129 154 2014 
G1,
3,5 

3 months 
Electronic 
Card, board 

Arithmetic 
operation 

Self-developed 

4 Fooks 73 72 2014 17< once CanFiled LSI  various Expert developed 

5 Wale 175 196 2013 G7 once 
Epistemic 
Game 

normal 
mathematics 
curriculum 

Standardized test 

6 Chang et al. 45 47 2012 11 2 weeks 

Simple 
question and 
answer with 
animation 

Addition and 
subtraction of 
fractions with 
different 
denominators 

Teacher developed 

7 Huang et al.  27 29 2014 G2 6 weeks Interaction 
Addition, 
subtraction 

Multiple-choice tests 

8 Riconscente 24 28 2013 G5 10 days Motion fraction School developed 

9 Ferguson 110 112 2014 G9 1 semester Various Algebra I 
North Carolina EOC 
test 

10 Hung et al. 23 23 2014 G5 240 min. e-book 
Elementary 
school 
mathematics 

Teacher-developed 

11 Fisser et al. 60 82 2013 
9-
12 

4 weeks 
Practice and 
drill 

Word, 
mathematics 

Standardized word 
score 

12 King  32 30 2011 G7 
Once, 
 85 min. 

vMathlive 
 

Integer, 
probability, 
counting, 
linear 
equation, 
proportional 
reasoning, 
graphing 

School district 
developed 

13 
Kebritchi et 
al. 

76 117 2010 high 18 weeks 
DimensionM 
Single/multi 

Algebra, 
Pre-Algebra 

School district-wide 
exam 

14 Ke 181 172 2006 G5 4 weeks 
Narrative or 
story telling 

Comprehensi
on,  skills of 
arithmetic 

Game Skills 
Arithmetic Test 

15 Abrams 32 33 2008 
G1-
7 

4 weeks Not found 
Various based 
on grade 

Everyday 
mathematics, Impact 
mathematics 

16 Park 16 21 2008 3-5 3 weeks 
Electronic 
board game 

Counting, 
geometry 

Standardized measure 

17 
Howard-
Jones & 
Demetriou 

271 203 2009 11 twice Mr. Certainty Not found Self-developed 

 

In the studies, the main subject and sample ages in the video game interventions varied. 

The target subjects of math were: arithmetic (Ke, 2006; Pareto, 2014), pre-algebra (Kebritchi et 
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al., 2010), algebra (Bai et al., 2012; Swearingen, 2011), fractions (Riconscente, 2013), 

comprehensive math concepts and skills (Huang, Huang, & Wu, 2014; Wale, 2013), and others 

(Abrams, 2008; Howard-Jones & Demetriou, 2009; Park, 2009). In addition, the ages of the 

samples ranged from two years old to college undergraduates. There was no majority genre for 

math learning games such as epistemic (Swearingen, 2011), electronic board/card (Pareto, 2014), 

embedded games in learning systems, or others (Chang et al., 2012; Fooks, 2014). Furthermore, 

the game intervention employed in those math video games (e.g., DimensionM, Ko’s Journey, 

Millionaire, Motion Math, and VMathliveTM) and the duration of the game intervention (i.e., 

from 20-minute sessions for five days to 60-minute sessions for eighteen weeks) varied 

throughout the studies. Math achievement was the only learning outcome in which the 

effectiveness of math video games was investigated.  

 

2.3.2 Data analysis  

 
This meta-analysis was conducted by using weights to avoid the influence of different 

sample sizes from the studies (Hedges & Olkin, 1985). To combine the effect sizes, a weighted 

mean effect size (d) was computed by weighting the effect size for each study using the inverse 

of its variance. A 95% confidence interval was calculated by using the estimated standard error 

of the weighted mean to determine the precision of each weighted mean effect estimate. Using a 

fixed-effects model, a homogeneity test of the effect sizes (Q-statistic) was computed to indicate 

the variation among effect sizes, which was explained by sampling error alone.  

Possible publication bias was investigated using a funnel plot approach. Based on the 

funnel plot of sample size vs. effect size in Figure 1, it is possible that publication bias appears in 

this meta-analysis. Because missing points existed in the middle of the plot, the plot did not show 

symmetry.  
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Figure 1. Funnel Plot for the Effect Sizes 

 

2.3.3 Results  

 
Individual effect sizes were the unit of analysis in the meta-analysis. These effect sizes 

indicated overall heterogeneity with a Q statistic of 67.72 and 26 degrees of freedom. The 

confidence intervals of individual effect sizes showed variation (see Appendix A) and no lines 

were found to cross all intervals. This indicates that the effect sizes were heterogeneous. 

According to the mean weighted effect size from the first analysis, the average effect size was 

positively estimated at 0.20 with standard error of 0.06, representing a small to medium effect. 

According to the overall homogeneity analysis, a random-effects model should be applied to 

report an overall mean in this meta-analysis. 

 

2.3.4 Learning support in math video games  

 
This small to medium effect size is consistent with the previous literature. For instance, 

Kebritchi et al. (2010) reviewed sixteen empirical studies and eight literature reviews, and 
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asserted that the effectiveness of video games in learning was still uncertain. According to their 

study, nine out of seventeen studies reported non-significant effects of learning games on math 

achievement, and five of eight literature reviews yielded mixed or no effects of video games on 

learning.  

Regarding the low effects of video games on math learning, the literature also addresses 

the quality of learning supports in video games (Wouters et al., 2013). Clark et al. (2010) argued 

that media were just a delivery method for learning content, and were not core factors that 

determined the effectiveness of learning. They argued that instructional methods such as 

instructional strategies and supports, rather than media, played the critical role. Along the same 

lines, O'Neil et al. (2005) reported that learning contexts that simply employed new interactive 

media (e.g., games and simulations) were not effective without additional instructional support 

or scaffolding. According to this research, video games alone are insufficient and not always 

effective unless they include appropriate learning contexts and strategies, even if they have the 

potential to facilitate learning (Garris et al., 2002; O'Neil et al., 2005).  

In the math video game context, the necessity of learning supports in video games has 

been addressed in the literature. For instance, in a study that demonstrated positive effects of 

games on math achievement (Bai et al., 2012), the findings showed that a math video game (i.e., 

DimensionM) improved the acquisition of algebra knowledge by sustaining motivation in math. 

They attributed the effects of this instructional game on math to its incidental approach to 

supplement math teaching and learning. In Pareto’s (2014) study, he postulated that video games 

motivate players to engage in advanced mathematical activities including discussions and 

reasoning. Pareto reported that math video games involving reflection (i.e., by teaching agents) 

helped players obtain deep understanding that transferred to different situation. In his study, the 
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game had two modes: playing the math game and teaching the agent. In the mode of teaching the 

agent, players were required to teach agents by explaining and justifying their understanding and 

behaviors. The author stressed that these activities helped learners to externalize and self-explain 

their knowledge and understanding in video games. In addition, Chang et al. (2012) found that 

players who participated in problem-posing activities in game environments outperformed 

players in traditional paper-based environments. They argued that video games were a potential 

platform for embedding problem-posing systems, which helped players to address and monitor 

their critical concept comprehension. In particular, they suggested that such embedded systems 

involving problem-posing were more effective for players with lower performance in problem 

solving. Finally, Huang et al. (2014) found that players who played games with diagnostic 

mechanisms including formative feedback during the game showed (a) a high level of problem 

solving performance, (b) math achievement, (c) mathematical interest, and (d) a low level of 

math anxiety. 

To address learning support in video games, scaffolding is a well-discussed notion. 

Originally, scaffolding referred to ongoing support from adults or peers to help a learner to 

complete a learning goal that she/he could not accomplish without such support. Scaffolding 

works as a bridge between a learner’s actual ability and a learning goal, so that it allows learners 

to complete the goal (i.e., Vygotsky’s Zone of Proximal Development) (van Merrienboer et al., 

2003). Now, scaffolding is also used to describe any kind of learning support that provides 

prompts and hints through technology tools, interactions, and activities (Puntambekar & 

Hubscher, 2005).  

To embed learning support in video games, external scaffolding is a potential tool to 

construct links between the game-based actions and formal knowledge (Barzilai & Blau, 2014). 
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Wouters and van Oostendorp (2013) classified ten types of scaffolding in video games in their 

meta-analysis, quite similar to the types of scaffolding in conventional learning contexts (e.g., 

reflection, modeling, collaboration, control, feedback, and personalization). However, it is 

critical to determine the extent to which the scaffolding-integrated intrinsically within game 

elements does not break the flow or engagement of gameplay (Fooks, 2014). In the same vein, 

Habgood and Ainsworth (2011) argued that effective learning games feature an integration 

between gameplay and learning artifacts. In addition, they argued for motivational design, which 

embeds intrinsic motivation strategies in gameplay. In this light, the current research developed 

learning probes, which are a succinct version of scaffolding that requires game players to 

respond in a game. In particular, learning probes refer to the scaffolding artifacts that help 

learners to externalize their mental representation in a game.  

 

2.3.5 Qualitative understanding in video games 

Along with learning supports in video games, qualitative understanding derived from 

gameplay might lead to controversial results in math video game studies (McFarlane, 

Sparrowhawk, & Heald, 2002). Qualitative understanding refers to the mental representation that 

generates qualitative relationships between core concepts regardless of quantitative relationships 

such as numerical values (VanLehn & van de Sande, 2009). Conceptual understanding and 

domain-specific intuitions are synonyms for qualitative understanding. In math learning, 

qualitative understanding contributes to helping learners “recognize, label, and generate 

examples of concepts” (NAEP, 2003, n.d.). The understanding supported by video games is 

implicit and qualitative rather than explicit because of the feature of interactive experience (Gee, 

2007; Squire et al., 2004). Specifically, Holbert and Wilensky (2012) stated that knowledge 
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constructed through gameplay consists of intuitive schemas, in contrast to formal understanding 

constructed in school systems. DiSessa (1993) argued that these kinds of small intuitive schemas 

(referred to as phenomenological primitives) obtained in everyday experience perform “the 

intuitive equivalent of physical laws” (p. 112) so that they are used to explain certain phenomena 

(e.g., related to physics). He explained that these phenomenological primitives were elements of 

knowledge, which entailed “superficial interpretation of experienced reality” (p. 112) as 

primitive elements which were self-explanatory and required no justification. Roschelle (1991) 

defined “registration” (p. 17) as the learner’s cognitive process of shaping and labeling sensory 

experience to create these intuitive schemas. D'Angelo (2010) postulated that these intuitive 

schemas “represent small bits of intuition, knowledge, or relationships between ideas that 

students can use to respond to questions and situations in the world” (p. 25). She also explained 

that these intuitive schemas were activated depending on context and situation, so that they 

contributed to the judgment of phenomena. Finally, Reiser (2004) stressed that these intuitive 

schemas constructed in gameplay are fragile and superficial, so that players have difficulties 

applying them to problem solving situations in the formal school setting.  

Since video games tend to focus on facilitating qualitative understanding, game-based 

learners may not demonstrate a high level of proficiency in formal math problem solving 

situations after math gameplay. Consistent with this, Clark et al. (2011) argued that studies 

employing video games as a learning tool tend to assess the explicit formal understanding that is 

the outcome of conventional education systems such as schools. As a result, during gameplay 

learners do not have the additional support for developing math proficiency (e.g., formal 

language and symbols) that is available in other learning contexts. In addition, studies which 

have demonstrated the effectiveness of math video games did not explain how the unique 
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features of understanding in these games promoted mathematical proficiency. In the literature, 

there are few reports of support or information in video games to promote mathematical 

proficiency as well as qualitative understanding in the formal school system (Masson et al., 

2011). Moreover, there is little research considering this implicit feature of qualitative 

understanding in video games among existing commercial games or researcher-developed games 

for this purpose. In light of this, in the current study, I investigated how to promote mathematical 

proficiency in video games through learning supports—specifically learning probes. 

 

2.4 Math Problem Solving and Representation 

 Successful problem solving processes involve constructing good problem representations 

to clarify the solution between domain knowledge and problem type (Jonassen, 2003; Simon, 

1981). Mathematical problem solving is “the cognitive process of figuring out how to solve a 

mathematics problem that one does not already know how to solve” (Mayer & Hegarty, 1996, p. 

29). According to Mayer’s (1985) model, there are two major phases: problem representation 

and solution. In problem solving, first a problem solver investigates given problem resources to 

identify the problem. In particular, the problem solver constructs mental representations of 

problem statements and situations (Mayer & Hegarty, 1996). Next, the problem solver plans and 

executes a solution determining what, when, and where to use specific operations and then 

performs the determined operations.  

Problem representation influences cognitive processes in problem solving (Zhang, 1997). 

Many issues in math problem solving arise from mathematical misunderstanding associated with 

miscomprehension of relational statements in the problem (Lewis & Mayer, 1987; Mayer, Lewis, 

& Hegarty, 1992). Passolunghi, Marzocchi, and Fiorillo (2005) asserted that misunderstanding in 
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problem solving occurs when problem solvers construct mental problem representations which 

conflict with either the required mental representation of the problem or the specific information 

in the problem. Thus, Mayer et al. (1992) emphasized the effects of mental problem 

representation involving problem schemas and relational propositions of the problem on problem 

solving performance. Consequently, the current study focuses on the problem representation 

phase in problem solving. 

 

2.4.1 Mental problem representation 

 
In math problem solving, representations influence various cognitive activities such as 

problem solving (Byerly, 1996). Finding or creating representations in problem solving is critical 

to structuring and processing problems (Schnotz et al., 2010). With representations, learners 

communicate with others or themselves to effectively solve problems that require deep 

understanding (Krawec, 2010; Silver, 2000). There are two types of problem representation: 

mental problem representation and external problem representation. In mental problem 

representation, effective problem solving requires the conversion of problem statements into 

internal representations, which involves comprehension of the problem (Krawec, 2010; Mayer, 

1985). In the mental representation process, problem solvers translate the problem (i.e., convert 

words to other forms) and integrate the information (i.e., build a coherent representation using 

relevant information) into internal representations. 

Mental problem representation is the initial stage in converting problem schemas which 

include semantic and situational information about the problem, into mental models in problem 

solving situations (Jonassen, 2011; Reimann & Chi, 1989). Mayer and Hegarty (1996) reported 

that problem solvers transformed the propositions in problem statements into representations, 
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which consisted of objects. According to their findings, as a problem solver processes 

propositions, he or she determines whether the proposition refers to a new object or to an 

existing object in his/her model. Depending on the determination, the problem solver either 

modifies the existing mental model of the problem or constructs a new model. This process of 

problem representation occurs in the stage of problem comprehension. In terms of function, 

problem representations serve to guide further interpretation of information, simulate mental 

behavior based on the properties, and initiate a particular solution (Jonassen, 2011; Savelsbergh, 

de Jong, & Ferguson-Hessler, 1998). Consequently, constructed problem representations 

naturally involve solution planning and monitoring processes (Mayer & Hegarty, 1996). 

In mental problem representation, expert problem solvers construct different 

representations than novice problem solvers. Expert problem solvers demonstrate richer, more 

coherent, and more interconnected problem representations compared to novice problem solvers. 

In contrast, novice problem solvers tend to attend to superficial details or surface features of 

textual or pictorial representations of the problem rather than the underlying core principles or 

concepts (Chi, Feltovich, & Glaser, 1981; De Jong et al., 1998; Kolloffel, Eysink, & de Jong, 

2010; Reiser, 2004). For instance, in research regarding computer skills, Adelson (1981) found 

that when programmers were required to recall multiple lines of code, novice programmers 

demonstrated a concrete syntax-based organization whereas expert programmers demonstrated 

an abstract hierarchical organization. Adelson argued that expert programmers constructed and 

developed mental models which involved the critical principles of their expertise. Along the 

same lines, Ehrlich and Soloway (1984) reported that novice programmers were distracted by the 

surface features of given materials.  

In terms of the difference in problem representation between novice and expert problem 
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solvers, Larkin (1983) distinguished between naïve problem representations and physical 

representations to address the role of problem representation in physics. The differences between 

these two types of representation include the inferencing method used to generate new 

information and the elements used to construct mental models. In naïve representations, problem 

solvers use familiar real-world objects (e.g., blocks and springs) as the elements of the problem. 

Furthermore, the simulation of these objects in the problem solvers’ minds leads to the inference 

of new information. By contrast, physical representation involves physical and abstract concepts 

(e.g., forces and momenta). In terms of new information generation, the laws of physics in the 

formal physics context lead to the inference of new information in the mental models. In 

conclusion, Larkin found that using physical representation schema facilitated problem solving 

in physics. Moreover, novice problem solvers reported more difficulties in constructing mental 

problem representations than experts. According to Kolloffel et al. (2010), the current school 

system emphasizes quantitative proficiency, which features arithmetic procedures involving 

mathematical symbols, and which facilitates only a limited understanding of the underlying 

principles and concepts of the problem. Thus, novice problem solvers cannot utilize quantitative 

proficiency in other complex problem solving situations such as everyday life experiences.  

Finally, the characteristics of mental representations contribute to building task strategies 

in problem solving. Experts’ mental model representations help them to select efficient task 

strategies (Lajoie, 2009). Specifically, expert problem solvers persistently employ and validate 

multiple schemas to select optimal schemas for problem representations before proceeding with 

quantitative work (Larkin, 1983). 

 In the video game context, as cognitive demand grows according to increased 

interactivity or complexity in game environments, the player may have increased difficulty 
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constructing mental problem representations. As previously mentioned, educational games 

provide learners with interactive, complex learning environments that contain authentic tasks and 

require the integration of prior knowledge and skills. For instance, Adams, Mayer, MacNamara, 

Koenig, and Wainess (2012) suggested that learners may have difficulties constructing mental 

representations because game players are required to spend considerable attention to understand 

the storyline in video games. Thus, they argued, this situation might cause a lack of processing 

capacity for mental problem representation.  

 

2.4.2 External representation 

 
External representation refers to representations involving both “linguistic and graphical 

modalities” (Cox & Brna, 1995, p. 4). External representations are used to present information 

that is available to be directly perceived and used without explicit interpretation and formulation 

(Zhang & Patel, 2006). For example, representations in math include signs, symbols, and objects 

that represent mathematical notions (Goldin & Kaput, 1996; Woodard, 2008). Moreover, 

external representations provide advantages such as reducing memory load, providing 

knowledge that is unavailable from internal representation, structuring cognitive behavior and 

tasks, aiding cognitive processing, and helping accurate decision making with less effort (Zhang, 

1997). In a learning game context, Holbert and Wilensky (2012) found that presenting external 

representations promoted the integration of game-based narrative and formal knowledge. 

Consistent with this argument, Masson et al. (2011) claimed that presenting external 

representations involving interpretation of perceptual events in the game would be essential to 

developing particular cognitive skills in video games.  

In terms of the relationship between external representation and mental problem 
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representation, Zhang (1997) posited three perspectives. According to the first perspective, 

external representations are just “inputs and stimuli” (p. 181) to the mental problem 

representation. In this traditional view, all cognitive activities occur in an internal model that is 

reflected by the external environment. According to this perspective, external representations are 

the result of the decoding process of mental models that were generated the processing of 

information through externalization. In the second perspective, the roles of external 

environments are emphasized whereas the role of internal representation is not justified since 

external environments are highly structured and invariant (e.g., Gibson, 1986). In other words, 

external environments hold invariant information that is available to be picked up for perception 

and action processes, regardless of mental processes. According to this perspective, the outcome 

of the perception processes is the invariant information from these environments (Zhang, 1997). 

Finally, the third perspective supports both internal and external representation and considers 

environments and interaction between people. Examples of this perspective include the situated 

and distributed cognition approaches.  

According to this third perspective, external representation influences problem solving 

performance by affecting internal representation (Collins & Ferguson, 1993; Day, 1988). 

Specifically, external representations can influence mental models that were built during 

previous learning (Schnotz & Kürschner, 2008). According to Butcher (2006), simplified iconic 

support (i.e., less abstract and more high correspondence) yields more effective results compared 

with schematics, which hold abstract and complex properties close to the object. In addition, Liu 

and Shen (2011) reported that different types of external representations (e.g., symbolic vs. 

iconic representation) contributed to select a different building structure and modality of problem 

representation. In the same vein, Leopold, Sumfleth, and Leutner (2013) found that 
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representational differences (i.e., verbal vs. pictorial summaries) influenced mental 

representation. Finally, external representation types affect learners’ problem solving strategies 

(Ametller & Pintó, 2002; Linn, 2003; Liu & Shen, 2011) 

Several studies have reported the importance of considering the cognitive process of 

external representation. Glenberg and Langston (1992) postulated that, for external 

representations to be effective, they must contribute to the construction of mental representations 

when extensive structural similarity exists between the external representation and the mental 

models required to solve the problem. Making structural similarities refer to structure mapping 

(Gentner & Markman, 1997). In structure mapping, the relational similarity of the properties 

between external representation and required mental models is a critical factor in the 

effectiveness of the external representation (Gentner & Markman, 1997). Similarly, Múñez, 

Orrantia, and Rosales (2013) claimed that effective external representation required relational 

similarity to generate a coherent formation of the required mental representation to solve the 

problem.  

In general, two types of studies have addressed external representation: presented 

representation and externalized (i.e., self-constructed) representation (Cox, 1999). Of these, the 

current study focuses on externalized representation.  

2.5 Externalizing Representation 

Overtly promoting the construction of representation is a promising way to help learners 

engage in deep understanding of the underlying principles required in problem solving (Kolloffel 

et al., 2010). Specifically, externalizing representations facilitates sequencing the information in 

useful ways, building potential models encompassing the information in the problem, and 

identifying missing information and implicit information (Cox, 1999). In problem solving, 
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problem solvers create externalized representations to keep the information derived from the 

problem solving process stable, to maintain the cognitive load of working memory (Schnotz et 

al., 2010). In the following section, I examine the theoretical background that supports the 

externalization of representation is explored. 

 

2.5.1 Theoretical background  

 
Externalized representations contribute to reducing cognitive responsibility or load 

during complex problem solving (Jonassen, 2003). From the distributed cognition and Human-

Computer Interaction perspective, cognition includes “interactions between people and with 

resources and materials in the environment” (p. 175) beyond the individual (Hollan et al., 2000). 

In light of this, externalized representations provide a place to construct the cognitive apparatus 

to execute human intelligence like that of a computer (Salomon, 1988). Specifically, in complex 

tasks, externalized problem representations accommodate complex logical operations that are 

necessarily generated in the problem solving process (Polich & Schwartz, 1974). In addition, 

externalized representations accommodate dynamic models that evoke mental activities for 

scientific thinking such as planning and data collecting (Jonassen, 2003; Soloway, Krajcik, & 

Finkel, 1995). Problem solvers are able to modify and test dynamic models in problem solving 

through externalizing representation. In light of this feature, Cox (1999) claimed that 

externalizing representation is “an example of distributed cognition” (p. 348). 

From the generative learning perspective, externalizing representation provides an 

opportunity to paraphrase the problem prior to solving it. As a method of externalizing problem 

representation, the paraphrasing activity in generative learning strategies promotes deep 

understanding through helping cognitive processing of related information (Wittrock, 1991). 
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Mayer et al. (1992) emphasized the importance of exploration of relational statements in problem 

solving to avoid mathematical misunderstanding. In their empirical study, Swanson, Moran, 

Lussier, and Fung (2013) investigated the effects of generative strategies involving the 

paraphrasing of three critical components of the problem: the main question, relevant number 

propositions, and contrast conditions. They found that the treatment group, which learned using a 

generative strategy that included all three components, outperformed the control group.  

Finally, externalized representations support self-explaining in learning. According to 

self-explanation theory, students with high proficiency in problem solving produce more self-

explanation than students with low proficiency (Ainsworth & Th Loizou, 2003). During self-

explaining, learners develop self-explaining references including underpinning principles that 

evoke deep understanding of the problem (Ainsworth & Th Loizou, 2003; Chi, 2000). Cox (1999) 

asserted that externalizing graphical representations provided “salient and vivid feedback” (p. 

352) which facilitated students’ self-explanations. In addition, from the specificity principle 

perspective, externalized representations involving translation and interpretation of 

representation across modalities (e.g., from natural language to graphical representation) 

facilitated reasoning (Stenning & Oberlander, 1995). Specifically, this feature of externalizing 

representation, which involves translation and interpretation of representation may provoke a 

reflective cognitive process when a problem solver identifies the problem the first time. 

 

2.5.2 Format of problem representation.  

 
From the semiotics perspective, the format of a representation can be classified by three 

types of signs according to the resemblance between the signifier and the signified. Signs can be 

either iconic, symbolic, or indexical. According to the two-part model of signs (De Saussure, 

2011), signifier and signified refer to the form of expression and the content respectively. For 
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example, the word “apple” is a signifier that signifies the content, apple. In addition, the evoked 

mental model of apple is signified. Based on this typology of signs, the current study focuses on 

representations involving two exclusive types of sign: symbolic and iconic (i.e., the mental 

representation evoked by the signifier). 

Externalized representation demonstrates different features according to the type of sign. 

Iconic representation involves geometrical resemblance between signifier and signified. In other 

words, iconic signs are physical or graphical forms that share visual properties with the object to 

which they refer. Compared to symbolic representation, iconic representation is depictive, 

specific, and concrete. In addition, iconic representations accommodate inference and intuition in 

problem solving. In other words, iconic representations facilitate comprehension of the problem 

because they are easily perceived and understood directly from the representation with less 

cognitive effort (Philip N Johnson-Laird, 1983; Philip Nicholas Johnson-Laird & Byrne, 1991; 

Kosslyn, 1996; Schnotz et al., 2010). Specifically, iconic representation facilitates conceiving 

and comprehending the appearance of object and event in the problem (Schnotz et al., 2010). In 

math problem solving, for example, externalizing iconic representations facilitates algebraic 

generalization and correspondence tasks. MacGregor and Stacey (1993) reported that drawing 

iconic representations promoted pattern recognition in generalization tasks. In particular, 

building iconic representations helped learners to reflect on and verify their problem solving 

processes in algebraic tasks (Masson et al., 2011). Furthermore, drawing iconic representations 

helped learners to discover the rules of correspondence.  

In contrast, symbolic representation refers to a representation consisting of symbols and 

having an arbitrary structure between signifier and signified. In other words, the signifier and 

signified in symbolic representations do not share visual properties. For example, symbolic 
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representation includes natural language, Arabic numerals, and formulations in mathematics or 

physics (e.g., F = m × a). Symbolic representation is descriptive, general, and abstract. Finally, 

descriptive representation encompassing symbolic signs promotes the creation of abstract 

expressions such as “general negation or disjunction.” (Schnotz et al., 2010, p. 20)  

In math problem solving, each of these two representation formats demonstrates both 

advantages and disadvantages according to their features. To construct symbolic representations, 

learners diagnose the relationships and numerical patterns of the problem situations, and then 

externalize them in language or symbolic representation (Noss, Healy, & Hoyles, 1997). 

Regarding the advantages in math problem solving, Koedinger, Alibali, and Nathan (2008) 

identified four properties of abstract representation (e.g., algebraic symbols) compared to 

problem solving with grounded representation such as story problems: low level of familiarity, 

low redundancy, high externalizability, and high conciseness. Thus, they argued, symbolic 

representations including verbal information (e.g., story problems) contributed to complex 

problem solving rather than simple problem solving. In addition, Arcavi (2003) argued that 

externalizing symbolic representation in problem solving supported demonstration of symbolic 

results, thereby diminishing the gap between symbolic solutions, implicit understanding, and 

conceptual understanding of the problem. By contrast, some studies have reported that learners 

have difficulty when they attempt to represent problems by transforming perceived patterns into 

symbolic representations (Noss et al., 1997). In addition, even for learners who are good at 

externalizing patterns in the problem into symbolic representations, such learners may not 

understand the underlying mathematical concepts and functional relationships of the symbolic 

representation (Lee & Wheeler, 1987). For instance, students demonstrate a tendency to regard 

arithmetic symbols (e.g., multiplication signs) as indicators or triggers to perform operations on 
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the numbers near the symbols, without reflecting on the underlying mathematical principles or 

concepts (Atkinson, Catrambone, & Merrill, 2003; Cheng, 1999; Kolloffel et al., 2010). 

 The classification of representation into iconic versus symbolic is exclusive (orthogonal) 

rather than continuous. Ullmer and Ishii (2000) claimed that the relationship between iconic and 

symbolic representation was similar but not identical to the relationship between abstract and 

concrete. They explained that iconic representation involved a continuum between abstract and 

concrete. For example, if the distance between signifier and signified was small, the iconic 

representation became more concrete (e.g., in photographs vs. cartoon-like pictures) and affected 

cognitive processes in learning. Butcher (2006) argued that simplified (i.e., abstract) diagrams 

facilitated information integration in the learning process. However, this relationship did not 

correspond to symbolic representation. Symbolic representations are determined by the 

conventionality of the arbitrary structure.  

 

2.5.3 Cognitive process of externalized representation   

 
The format of externalized problem representation influences all stages of the cognitive 

process in problem solving. Specifically, depending on the representation format, problem 

solvers choose a segregated visual modality in the problem solving procedure (Healy & Hoyles, 

1999; Hillel, Kieran, & Gurtner, 1989). Once a representation format is selected, problem solvers 

persist in using this format throughout the entire problem solving process. For example, if the 

problem is represented in iconic format, learners engage in the visual mode to solve the problem, 

without using any mathematical knowledge associated with symbolic representations. By 

contrast, symbolic problem representation excludes the use of the visual reasoning mode in the 

problem solving process.  
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Cognition processes these two representation formats separately. As shown in Figure 2, 

Mayer (2009) reported that after the eyes attend to iconic representations (e.g., images), parts of 

the images are represented in working memory until working memory is full. When working 

memory is full, the images are organized into a pictorial model. By contrast, after the eyes attend 

to symbolic representations (e.g., written words), these symbolic representations are moved to 

working memory as iconic representations. Unlike in iconic representation, written words are 

mentally pronounced and represented in working memory through the verbal channel. Finally, 

they become a verbal model. 

 

Figure 2. Processing Iconic vs. Symbolic Representation (Mayer, 2009) 

 

Schnotz and Bannert (2003) classified the comprehension process of external visual 

representation as symbolic processing and analogue structure mapping involving iconic 

processing, as shown in Figure 3.  
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Figure 3. Model of Learning from Text and Pictures (Schnotz & Bannert, 2003) 

 
Symbolic processing consists of three steps. First, a text-surface representation is 

constructed from textual input. Second, a propositional representation involving the semantic 

context of the text is generated from the surface representation. Finally, a mental representation 

of the text content is established as “a hypothetical internal quasi-object” (p.23) containing an 

analogy of the content of the object (Schnotz et al., 2010). By contrast, structural mapping occurs 

when pictorial input is attended to. As with symbolic processing, structure mapping involves a 

three-step the process. First, a visual perception is constructed involving the display of the 

pictorial input. Second, a mental model is constructed containing the structural features and 

analogies that represent the content of the object. Finally, the inspection process of the mental 
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model results in the propositional representation. 

 

2.5.4 Task complexity 

  
Task complexity is defined as the cognitive demand required for engagement in a task 

(Marchionini, 2006; Zhang, 2009). From the cognitive load theory perspective, task complexity 

is associated with intrinsic load, which is “the amount of information that has to be extracted 

from the information source with respect to a specific learning goal” (Brünken, Seufert, & Paas, 

2010, p. 186).  

According to the Mathematics frameworks by National Assessment of Educational 

Progress (NAEP, 2013), learners’ cognitive demands determine the complexity of a math 

problem (i.e., mathematical complexity). Specifically, math complexity is directly associated 

with what learners were asked to do in the task rather than the way learner process information to 

solve the problem. Accordingly, a math problem with low complexity requires learners “to recall 

or recognize concepts or procedures specified in the framework” (NAEP, 2013, p. 38). A math 

problem with high complexity requires learners to “use reasoning, planning, analysis, judgment, 

and creative thought” (NAEP, 2013, p. 46). 

In problem representation, task complexity is a critical factor related to personal 

characteristics such as prior knowledge (van der Velden & Arnold, 1992). Task complexity 

moderates problem solving when learners represent problems involving translation and 

integration of new knowledge into information in long-term memory (i.e., prior knowledge). 

From the mental model perspective, prior knowledge is an internal source of information in long-

term memory which influences the cognitive process in learning. For example, Amadieu, van 

Gog, Paas, Tricot, and Mariné (2009) claimed that the type of representation (i.e., hierarchical 

vs. network concept map) contributes to the gaining of a certain type of knowledge (i.e., factual 
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vs. conceptual knowledge) associated with the learner’s prior knowledge level. In addition, 

learners with high prior knowledge prefer to engage in iconic representation rather than symbolic 

representation or a combination of symbolic and iconic representation (Gegenfurtner, Lehtinen, 

& Säljö, 2011). Regarding the relationship between task complexity and prior knowledge, 

Bransford, Brown, and Cocking (1999) suggested that sequences involving increasing 

complexity, such as simple to complex problems, were an effective learning strategy because 

learners could use their available prior knowledge to understand more complex tasks. 

2.6 Summary 

In this literature review, I presented the current research on the general advantages of 

using video games in learning: enhanced motivation, elevated interactivity, accommodation of 

extended cognitive activity, and support of complex learning. Next, I described the results of a 

meta-analysis of math learning games between 2005 and 2014 which showed a low to medium 

effect (d=.20, SE=.06), and presented some ambiguous results of math learning game studies. To 

address the low effects and ambiguities of math video games and, I presented research related to 

externalizing problem representations in the problem solving process. 
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CHAPTER 3 

 

METHODS 
 
 

3.1 Introduction 

 
 As discussed in the Introduction section, the current study began with the comprehensive 

question: How do educational games, through the use of learning supports, promote the 

application of acquired qualitative understanding in the game to problem solving in formal 

educational contexts? To address this question, the current study focused on the benefits of 

problem representation. Externalizing Problem Representation (EPR), a cognitive activity in 

which the learner constructs a problem representation overtly, is a promising method to support 

learning in video games. In this context, three research questions were addressed during the 

research as follows.  

1. Will iconic learning probes promoting EPR enhance qualitative understanding and 

quantitative proficiency in ratios and proportional reasoning with task complexity 

controlled in the educational game? 

2. Will symbolic learning probes promoting EPR enhance qualitative understanding and 

quantitative proficiency in ratios and proportional reasoning with task complexity 

controlled in the educational game? 

3. Will iconic learning probes promoting EPR, in comparison to symbolic learning probes 

promoting EPR, be more effective in enhancing qualitative understanding and 

quantitative proficiency in ratio and proportional reasoning with task complexity 

controlled in the educational game? 

In the remainder of this Methods section, the design of the study will be described, including 
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the materials, interventions, procedures, treatment, and data. 

 

3.2 Earthquake Rebuild Game 

 The Earthquake Rebuild game accommodates a game-based learning environment 

involving architectural and resource management decisions to help a city recover from a severe 

earthquake and to prepare for a second earthquake (Ke, Shute, Clark, Erlebacher, & Ventura, 

2014). In the recovery task, the player is presented with practical design issues (e.g., architectural 

design issues) associated with earthquake situations. The player must also complete various sub-

tasks using geometric and other mathematical skills. In general, the game simulates various 

situations to provide learning experiences where players can practice their mathematical 

understanding through architectural design tasks. 

 

Figure 4. Adventure Mode in Earthquake Rebuild 

 

3.2.1 Game mechanism 

  
The game has two play modes: adventure and construction. In the adventure mode, as 

seen in Figure 4, the player explores a city demolished by an earthquake, collects construction 
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elements (e.g., pilings, planks, shipping containers, and raw materials) and gathers families.  

 In the construction mode, the player constructs buildings or objects. Specifically, the 

player manipulates the construction elements through such functions as selecting, dragging and 

dropping, moving and rotating, and stacking. The player can also use grouping functions to 

manipulate objects in order to minimize repetitious operations in the game as seen in Figure 5. 

The game contains all the elements of a typical game environment, including constraints on time, 

design, survival, and reward systems (e.g., happiness, material and time credits). 

 

 

Figure 5. Construction Mode in Earthquake Rebuild 

 

3.2.2 Shipping container episode 

  
In the shipping container episode of the game, the goal is to use shipping containers to 

provide shelters for families who have survived an earthquake in preparation for a second 

earthquake. When the game starts, a player avatar explores a city demolished by an earthquake in 

the adventure mode. After rescuing surviving families and collecting raw materials and shipping 
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containers, the player uses these shipping containers to build a row of shelters in the construction 

mode. The shelters in the game are based on a pre-quake photo of the row houses in which the 

survivors had previously lived. Finally, the player assigns the rescued families to these shelters in 

the construction mode before the next earthquake occurs. 

In this shipping container episode, the player uses basic architectural techniques such as 

taking geometric measurements and applies mathematical concepts such as ratios and 

proportional reasoning. First, the player determines where and how to build a row house after 

rescuing all surviving families and collecting the required materials and containers. Specifically, 

the player measures the length, width, and height of the planned shelters to replicate the row 

house in the pre-earthquake picture. Second, the player determines how to most efficiently 

shelter all rescued families in the collected shipping containers.  

 

3.2.3 Math task  

 
The math task in the shipping container episode corresponds to the Common Core State 

Standards for Mathematics (CCSM) for sixth grade: “understand the concept of a ratio and use 

ratio language to describe a ratio relationship between two quantities” (Common Core State 

Standards Initiative, 2010, p. 42). In order to develop specific math tasks for the Earthquake 

Rebuild game, a competency model of ratios and proportional relationships was developed based 

on the CCSM (Common Core State Standards Initiative, 2010) as depicted in Figure 6 (Ke et al., 

2014). In the competency model, the math task corresponds to the following two nodes: 

Recognize a ratio relationship between two quantities and represent a ratio relationship via 

numerical, verbal, and symbolic forms. 
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Figure 6. Competency Model of Ratio and Proportional Relationships
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In the game, the player must carefully read the problem statements of the math task to 

house all families in various shelters. Specifically, the player must recognize three math-related 

elements within the game. First, the dimensions of a shipping container are 6 × 3 × 6 meters. 

Second, there are four possible configurations of rescued families: (1) two parents with two 

children, (2) two parents with one child, (3) one parent with two children, and (4) one parent 

with one child. Third, each adult needs four square meters of space, and each child needs two 

square meters, so that the ratio of adult to child spatial needs is 2:1. One rule of the shipping 

container episode is that the game rewards efficiency; that is, the less materials or containers 

used to shelter the families, the more rewards the player gathers, such as happiness or material 

credits. Thus, the player’s task is to use shipping containers to efficiently shelter all surviving 

families within the constraints of these three problem elements and this one rule.  

 

3.3 Participants 

To calculate the required number of participants, I referred to a similar study regarding 

the effect of instructional supports promoting self-explanation processes on players’ performance 

in a game-based learning context (Johnson & Mayer, 2010). Specifically, the authors identified 

an effect size for self-explanation processes of d = .71 (p < .05) in the group of selection 

compared to the control group. Based on an f effect size of .36 in the aforementioned study 

(2010), I used G*Power to calculate the number of participants required to maintain statistical 

power for the current study. Specifically, the F-test and ANOVA: Repeated measures, between 

factors options were selected with a high degree of correlation among repeated measures (r = .5). 

According to the G*Power calculation, a total sample size of 44 students was recommended for a 

power of .82 with an effect size of .36. Accordingly, 45 students ranging from sixth to eighth 

grade in after school programs in the rural area in West Florida were the research participants. 
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Specifically, 23 students were randomly assigned to the Iconic Learning Probe (ILP) group; 22 

students were randomly assigned to the Symbolic Learning Probe (SLP) group. Once they 

completed the two-day sessions, a $15 gift card to a grocery store was rewarded. The 

participants’ demographic information is demonstrated in Table 2. 

Table 2. 

Student Demographic Information 

 ILP group SLP group 
 n=23 n=22 

Gender   
Male 13 (56.5%) 12 (54.5%) 
Female 10 (43.5%) 10 (45.5%) 
   

Grade   
6th Grade 7 (30.5%) 8 (36.4%)  
7th Grade 9 (39.1%) 6 (27.2%) 
8th Grade 7 (30.5%) 8 (36.4%) 
   

Ethnicity   
African American 7 (30.4%) 7 (31.8%) 
Asian 3 (13.0%) 4 (18.2%) 
Caucasian 9 (39.1%) 8 (36.4%) 
Hispanic 4 (17.5%) 3 (13.6%) 
   

 

The math task of the shipping container episode in Earthquake Rebuild was developed 

according to the CCSM standards for ratio and proportional relationships for sixth grade (2010). 

According to the CCSM, ratio and proportional relationships are mainly taught during the sixth 

and seventh grades. Because the standard of the math task for Earthquake Rebuild relates to sixth 

and seventh graders, I employed sixth to eighth grade students for this study. 

3.4 Intervention Design 

3.4.1 Problem representation  
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Problem representation is classified into two stages: problem translation and integration 

(Mayer, 1985). According to the two stages, I identified six problem representations necessary to 

solve the math task in the shipping container episode of Earthquake Rebuild. Specifically, the 

problem solver must represent three elements of the problem: shipping container area, family 

configuration, and the ratio of an adult’s to a child’s need for space in the problem translation 

stage. The problem solver must then represent three additional elements of the problem: area 

needed for each adult and each child, area needed for each family configuration, and area needed 

for each combination of family configurations in the problem integration stage. According to the 

sequence of these six problem representations and their relationships, I postulated the five stages 

(i.e., stage 3 and 4 combined due to the interdependent between them) for the problem 

representation framework for the math task in the shipping container episode of the game as 

shown in Table 3.  

Table 3. 

Problem Representation Framework 

Step 

Mayer’s 

problem 

representation 

Problem representation 

1 

Problem 
Translation 

(PT) 

Area of shipping container (PT) 

2 Configurations of families (PT) 

3 Ratio of an adult’s spatial need to a child’s (PT) and area needed for 

each adult and each child (PI) 

Problem 
Integration (PI) 

4 Area for each family configuration (PI) 

5 Area for each combination of family configurations (PI) 

3.4.2 Intervention presentation 

 

As seen in Figure 7, once the player rescues all the families, the player sees a notification 
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on the bottom of the screen: To earn 100 bonus material credits, open the Help tab and complete 

the Problem Solving help.  

 

Figure 7. Notification about Problem Solving Help 

If the player opens the help tab during the game, the player is presented with two help 

options: game control and problem solving options as seen in Figure 8.  

 

Figure 8. Help Options 

 

If the player selects the problem solving option, the player is presented with learning 

probes developed to correspond to the problem representation framework. Specifically, the game 

requests the player to process one of two types of isomorphic learning probes: iconic or 
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symbolic. In the ILP condition, the player externalizes the five steps of the problem 

representation frame mainly using images. For example, considering the ratio for an adult to a 

child, the player represents the area needed for a child by clicking on the box or boxes as seen in 

Figure 9. 

      

Figure 9. Example of EPR in the ILP Condition 

 

In contrast, in the SLP condition, the player externalizes the five steps of problem 

representation mainly using numbers as seen in Figure 10. The player is able to go back to the 

gameplay without completing the process of problem solving help; however, the player can 

resume the process at any time in the gameplay. 
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Figure 10. Example of EPR in the SLP Condition 

 

       

Figure 11. First Step of ILP and SLPs 

 

In the first step of problem representation, the player externalizes the area of a shipping 
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container as seen in Figure 11. In the ILP condition, the player specifies the area of a shipping 

container by clicking on the 1 meter by 1 meter boxes to visually represent the area of a shipping 

container. In the SLP condition, the player specifies the area of a shipping container by filling in 

three blanks to represent the width, length, and area of a shipping container.  

In the second step, the player configures families as seen in Figure 12. In the ILP 

condition, the player clicks on the boxes corresponding to the number of families he or she is 

required to save in the game. In contrast, the player specifies the number of families he or she is 

required to save in the game by filling in the chart in the SLP condition.  

     

Figure 12. Second Step for both the ILP and SLPs 

 

In the third step, the player identifies the ratio of an adult’s spatial need to a child’s need 

and the area needed for each adult and each child through learning probes consisting of three 

sub-steps. In the ILP condition, the player clicks on the boxes corresponding to the area required 

for an adult as well a child as seen in Figure 13. In the first sub-step, the player deduces the area 

required for a child based on the given ratio and clicks on the boxes corresponding to the area 

occupied by a child. In the second sub-step, the player deduces the area required for an adult 
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based on the given ratio and clicks on the boxes corresponding to the area occupied by an adult. 

Lastly, the player deduces the area for a child based on the area required for an adult and the 

given ratio from the game and clicks on the boxes corresponding to the area required for both an 

adult and a child.  

         

Figure 13. Three Sub-steps in the Third Step of ILP 

 

In contrast, the player fills in the blanks regarding the area occupied by an adult as well a 

child in the third step of the SLP condition as seen in Figure 14. In the first sub-step, the player 

deduces the area required for a child based on the given ratio and fills in the blanks 

corresponding to the area occupied by a child. In the second sub-step, the player deduces the area 

required for an adult based on the given ratio and fills in the blanks corresponding to the area 

occupied by an adult. Lastly, the player deduces the area for a child based on the area required 

for an adult and the given ratio from the game and fills in the blanks corresponding to the area 

required for both an adult and a child.  
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Figure 14. Three Sub-steps in the Third Step of SLP 

In the fourth step, the player identifies the area for each family configuration as seen in 

Figure 15. In the ILP condition, the player clicks on the boxes corresponding to the area 

occupied by a family of one adult and two children and a family of two adults and one child. In 

contrast, the player fills in blanks to specify the area occupied by a family of one adult and two 

children and a family of two adults and one child in the SLP condition. 

     

Figure 15. Fourth Step of ILP and SLPs 

Finally, the player identifies the area for each combination of family configurations in the 

fifth step. As seen in Figure 16, in the ILP condition, the player clicks on the boxes 

corresponding to the area occupied by two combinations of two families: a combination of one 
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family of one adult and one child and one family of one adult and two children, and another 

combination of one family of one adult and two children and one family of two adults and one 

child. In contrast, in the SLP condition, the player fills in blanks to specify the area occupied by 

the same two combinations as seen in Figure 17. 

     

Figure 16. Fifth Step of ILP 

 

     

Figure 17. Fifth Step of SLP 
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3.4.2 Task Complexity.  

 

The math task in the shipping container episode corresponds to the standard in CCSM, 

“understand the concept of a ratio and use ratio language to describe a ratio relationship between 

two quantities” (Common Core State Standards Initiative, 2010, p. 42), which is for sixth grade 

as shown in Appendix B. In the competency model of ratios and proportional relationships, the 

current math task of the shipping container episode in the game is a subordinate task of a main 

task: calculate the unit rate (a/b) associated with a ratio (a:b), which corresponds to the standard 

in CCSM, “compute unit rates associated with ratios of fractions, including ratios of lengths, 

areas and other quantities measured in like or different units,” (p. 48) which is for seventh grade. 

Based on this standard in CCSM for seventh grade, I developed a new math task with high 

complexity as seen in Appendix C and embedded it in the shipping container episode. Finally, 

the shipping container episode in Earthquake Rebuild involves two task complexity levels: low 

and high complexity task. 

 

3.4.4 Data collection 

I employed an experimental design method with two intervention conditions controlling 

task complexity: ILP and SLPs. The data were collected in 90-minute and 50-minute sessions 

through two-day sessions as illustrated in Table 4. Before the two-day sessions, I sent the 

consent form of this study to participants’ parents and requested them to read and sign it. On day 

1, participants were requested to sign the assent form. Then, a 15-minute pretest was 

administrated to ensure that, at the start of the experiment, there were no differences between 

ILP and SLPs in terms of prior knowledge of ratios and proportional relationships. Then, 

participants watched the tutorial video and played the sandbox game of the shipping container 
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episode in Earthquake Rebuild for 15 minutes. Through watching the tutorial video and 

practicing with the sandbox gameplay, participants had an opportunity to acquire fundamental 

game skills (i.e., how to navigate, complete objectives, and use the help functions).  

In the ILP condition, participants spent 35 minutes completing the low-complexity task 

embedded in the shipping container episode in Earthquake Rebuild with ILPs, followed by a 15- 

minute posttest. In the SLP condition, participants spent 35 minutes completing the low-

complexity task embedded in the game with SLPs, followed by a 15-minute posttest. 

On day 2, participants watched the tutorial video for 15 minutes again to refresh their 

memory about the shipping container episode in Earthquake Rebuild. Then, participants spent 35 

minutes completing the high-complexity task embedded in the game with ILPs, followed by a 

second 15-minute posttest. In the SLPs condition, participants spent 35 minutes completing the 

high-complexity task with SLPs, followed by a second fifteen-minute posttest.  

 

3.5 Dependent Variables 

3.5.1 Qualitative understanding  

I measured the players’ qualitative understanding by four items based on two CCSM 

standards (Common Core State Standards Initiative, 2010) associated with game complexity 

(i.e., low vs. high complexity tasks) in Earthquake Rebuild. These two math standards are to 

“understand the concept of a ratio and use ratio language to describe a ratio relationship between 

two quantities” (Common Core State Standards Initiative, 2010, p. 42) for sixth grade, and 

“compute unit rates associated with ratios of fractions, including ratios of lengths, areas and 

other quantities measured in like or different units” (p.48) for seventh grade.  
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Table 4. 

Experimental Design of the Study. 

Descriptions 

Day 1 
 

Day 2 

Assent form 
 

(10min) 

Pretest 
 

(15min) 

Tutorial video & 
Sandbox gameplay 

(15min) 

Gameplay 
 

(35 min) 

Posttest 
 

(15min) 
 

Tutorial 
video 

(15min) 

Gameplay  
 

(15min) 

Posttest 
 

(15min) 

ILP group:  O1  XLI O2   XHI O3 

SLP group:  O1  XLS O2   XHS O3 

 
Note. XLI = iconic learning probes with low complexity; XHI = iconic learning probes with high complexity; XLS = symbolic learning 
probes with low complexity; XHS = symbolic learning probes with high complexity; O1 = pretest; O2 = first posttest; O3 = second 
posttest. 
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To measure qualitative understanding, I reproduced existing math tasks of ratios and 

proportional relationships from the Mathematics Formative Assessment System (MFAS). 

Finally, I developed the three sets of four items and their sub-items (See Appendix E). Each item 

was assessed by the rubric between 1 (i.e., Getting started) to 4 (i.e., Got it) and the score for 

qualitative understanding is the sum of the item scores for each set (See Appendix E). 

 

3.5.2 Quantitative proficiency 

 
I measured the players’ quantitative proficiency by using the score of the four 

representative tasks for the two CCSM standards described above. For the representative tasks, I 

developed the math tasks using existing practices and examples from the website of Florida 

Standards Assessment and Khan Academy (See Appendix G). Khan Academy allows using 

materials under Creative Commons (CC by NC SA) license. Each item was assessed between 0 

for incorrect answer to 1 for correct answer and the score of the quantitative proficiency is the 

sum of the score of the four representative tasks. 

3.5.3 Pretest and posttests 

To measure the dependent variables, I have developed three isomorphic sets of test items, 

which include both 4 items for qualitative understanding and 4 items for mathematical 

proficiency. Once the experiment began, one of the three sets of math tasks was randomly 

assigned to the participant as a pretest. After the participant completed the first gameplay 

session, one of the two remaining sets was randomly assigned as the first posttest. Finally, after 

the participant finished the second gameplay session, the final remaining set of math tasks was 

provided to the participant as the second and final posttest. 
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3.5.4 Pilot test 

To verify the feasibility of the proposed learning probes in Earthquake Rebuild and three 

sets of math tasks, two groups of participants were recruited to conduct pilot tests: a group of two 

graduate students and a group of five students ranging between 6th and 8th grade. In the first pilot 

test with two graduate students, I investigated the validity of the three sets of math tasks and 

usability of Earthquake Rebuild and four versions of learning probes: ILPs with low complexity, 

ILPs with high complexity, SLPs with low complexity, and SLPs with high complexity. Then, in 

the second pilot test with five students, I fixed some of the expressions in either Earthquake 

Rebuild or the math tasks that were beyond the reading comprehension level of 6th to 8th graders. 

The Cronbach’s alpha reliabilities of the three test sets of math tasks in this pilot test were 

0.75, 0.80, and 0.90, respectively.  In addition, to calculate inter-rater reliability for the scoring 

system for qualitative understanding, an expert of Measurement and Statistics was requested to 

independently score the three sets of math tasks from five students in the pilot study. Regarding 

the inter-rater reliability of the three sets of four items to measure qualitative understanding, the 

value of 0.93 was calculated across two raters, the primary investigator and Measurement and 

Statistics major. It means this scoring system using the rubric was reliable. 

 

3.6 Data Analysis 

To fulfill the purpose of the study, a repeated-measures with between-factor Analysis of 

Variance (ANOVA) was used to measure the difference among the times of measurement: one 

pretest and two posttest scores of participants in the two learning-probe groups. 

In the mixed-design ANOVA, for the repeated measure, I compared the pretest score and 

two posttest scores to identify the effect of the learning probes in each group, controlling the task 



 58

complexity. In this analysis, I examined the interaction between the type of learning probes and 

the time factor, controlling the task complexity. I then compared the posttest scores between the 

two groups to determine the effect of the type of learning probes on qualitative understanding 

and quantitative proficiency.  
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CHAPTER 4 

 

RESULTS 
 

The previous three chapters addressed the rationale of using learning supports to prompt 

Externalizing Problem Representation (EPR) and the design of the study including interventions, 

treatments, and procedures. In this Results chapter, I will describe the analysis of data collected 

from forty participants ranging from sixth to eighth grade at an educational institution in Florida. 

Specifically, this study investigated the following research questions using a repeated-measures 

ANOVA method. 

1. Will iconic learning probes promoting EPR enhance qualitative understanding and 

quantitative proficiency in ratios and proportional reasoning, with task complexity 

controlled in the educational game? 

2. Will symbolic learning probes promoting EPR enhance qualitative understanding and 

quantitative proficiency in ratios and proportional reasoning, with task complexity 

controlled in the educational game? 

3. Will iconic learning probes promoting EPR, in comparison to symbolic learning probes 

promoting EPR, be more effective in enhancing qualitative understanding and 

quantitative proficiency in ratio and proportional reasoning, with task complexity 

controlled in the educational game? 

4.1 ANOVA Assumption Test 

To justify using a repeated-measures approach with between-factor Analysis of Variance 

(ANOVA) method in the study, I inspected two assumptions of ANOVA: normality of scores 

and homogeneity of variances. To verify the normality of the scores, I examined the normality of 

residuals within experimental groups. Five participants’ scores departing more than two standard 
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deviations from the mean score were excluded in data analysis. I then conducted Levene’s test 

and Mauchly’s test of Sphericity to verify the homogeneity of variance across experimental 

groups. As seen in Table 5, the results of Levene’s tests for homogeneity of variance were non-

significant except the qualitative understanding score of posttest 1. Since the sample size of each 

group is the same and Mauchly’s test statistics are not significant, χ2(2) = 5.62, p > 0.05, the 

variances across Iconic Learning Probe (ILP) group and Symbolic Learning Probe (SLP) group 

in this study can be assumed to be equivalent. Consequently, the data meets all the assumptions 

for ANOVA.  

Table 5. 

Levene’s Test of Equality of Error Variances 

Dependent variables 
Times of 
measurement 

F df 1 df 2 

Qualitative understanding  

Pretest 3.55 1 38 

Posttest 1 3.40 1 38 

Posttest 2 3.76 1 38 

Quantitative proficiency 

Pretest 2.69 1 38 

Posttest 1 5.55* 1 38 

Posttest 2 3.29 1 38 
Note: * p < 0.05 

 

4.2 Findings 

4.2.1 Main effects of times of measurement and types of EPR 

 
The result of repeated-measures ANOVA indicates that the difference in qualitative 

understanding and quantitative proficiency between the times of measurement (i.e., pretest, 

posttest 1, and posttest 2) was statistically significant, F(2, 37)= 0.37, p < 0.05, η2 = 0.11. In 

addition, the result of repeated-measures ANOVA indicates that the difference in qualitative 

understanding and quantitative proficiency between the types of EPR, ILP and SLP groups, was 

statistically significant, F(1, 38)= 7.61, p < 0.05, η2 = 0.17 
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4.3 Research Question One 

Will iconic learning probes promoting EPR enhance qualitative understanding and 

quantitative proficiency in ratios and proportional reasoning, with task complexity controlled in 

the educational game? 

4.3.1 Difference in qualitative understanding between times of measurement 

 
The result of repeated-measures ANOVA indicates that, for participants in the ILP group, 

the difference in qualitative understanding between the pretest (n= 20, M= 9.10, SD= 3.58), 

posttest 1 (n=20, M= 8.80, SD= 3.97), and posttest 2 (n= 20, M= 9.35, SD= 3.94) was not 

statistically significant, F(2, 37)= 0.45, p > 0.05, η2 = 0.03.  

4.3.2 Difference in quantitative proficiency between times of measurement 

 
The result of repeated-measures ANOVA indicates that, for participants in the ILP group, 

the difference in quantitative proficiency between the pretest (n= 20, M= 1.75, SD= 1.48), 

posttest 1 (n= 20, M= 1.60, SD= 1.39), and posttest 2 (n= 20, M= 2.35, SD= 1.35) was 

statistically significant, F(2, 37)= 5.20, p <. 05, η2 = .23. The pairwise comparisons using the 

Bonferroni method demonstrate that participants’ quantitative proficiency for posttest 2 is 

significantly higher than participants’ quantitative proficiency for posttest 1. In addition, there is 

a statistical significance between the pretest and posttest 2, F(2, 37)= 5.65, p = 0.05, η2 = 0.23. 

There is no significant difference between posttest 1 and the pretest. Figure 18 illustrates the 

differences between the pretest, posttest 1, and posttest 2 in quantitative proficiency in the ILP 

group. 
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Figure 18. Quantitative Proficiency between Times of Measurement in the ILP group 

 
A summary of group means and standard deviations of qualitative understanding and 

quantitative proficiency scores for the ILP group is presented in Table 6. 

Table 6. 

Qualitative Understanding and Quantitative Proficiency in the ILP Group 

 Times of measurement 

Pretest Posttest 1 
(Low complexity) 

Posttest 2 
(High complexity) 

 M SD M SD M SD 

Qualitative understanding 9.10 3.58 8.80 3.97 9.35 3.94 

Quantitative proficiency 1.75 1.48 1.60 1.39 2.35 1.35 

 
 

4.4 Research Question Two 

Will symbolic learning probes promoting EPR enhance qualitative understanding and 

quantitative proficiency in ratios and proportional reasoning, with task complexity controlled in 

the educational game? 
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4.4.1 Difference in qualitative understanding between times of measurement 

 
The result of repeated-measures ANOVA indicates that, for participants in the SLP group, 

the difference in qualitative understanding between the pretest (n= 20, M= 10.50, SD= 2.67), 

posttest 1 (n= 20, M= 12.15, SD= 2.93), and posttest 2 (n= 20, M= 12.35, SD= 2.87) was 

statistically significant, F(2, 37)= 6.45, p <. 05, η2 = .25. The pairwise comparisons using the 

Bonferroni method demonstrate that participants’ qualitative understanding for posttest 1 is 

significantly higher than participants’ qualitative understanding for the pretest. In addition, 

participants’ qualitative understanding for posttest 2 is significantly higher than participants’ 

qualitative understanding for the pretest. There was no significant difference in qualitative 

understanding between posttest 1 and posttest 2. Figure 19 illustrates the differences between the 

pretest, posttest 1, and posttest 2 in qualitative understanding in the SLP group. 

  

Figure 19. Qualitative Understanding between Times of Measurement in the SLP Group 

 

4.4.2 Difference in quantitative proficiency between times of measurement 

 
The result of repeated-measures ANOVA indicates that, for students in the SLP group, 

the difference in quantitative understanding between the pretest (n= 20, M= 2.50, SD= 1.10), 

posttest 1 (n= 20, M= 2.85, SD= 0.88), and posttest 2 (n= 20, M= 2.75, SD= 0.97) was not 

statistically significant, F(2, 37)= 1.47, p > 0.05, η2 = 0.07. A summary of group means and 
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standard deviations of qualitative understanding and quantitative proficiency scores for the SLP 

group is presented in Table 7. 

Table 7. 

Qualitative Understanding and Quantitative Proficiency in the SLP Group 

 

4.5 Research Question Three 

Will iconic learning probes promoting EPR, in comparison to symbolic learning probes 

promoting EPR, be more effective in enhancing qualitative understanding and quantitative 

proficiency in ratio and proportional reasoning, with task complexity controlled in the 

educational game? 

4.5.1 Interaction between times of measurement and types of EPR 

 
The result of repeated-measures ANOVA indicates that there is a significant interaction 

between the times of measurement and the types of EPR in regard to both qualitative 

understanding, F(2, 37)= 3.95, p < 0.05, η2 = 0.18, and quantitative proficiency, F(2, 37)= 3.91, p 

< 0.05, η2 = 0.17.  

 

 
 

 Times of measurement 

Pretest Posttest 1 
(Low complexity) 

Posttest 2 
(High complexity) 

 M SD M SD M SD 

Qualitative Understanding 10.50 2.67 12.15 2.93 12.35 2.87 

Quantitative Proficiency 2.50 1.10 2.85 0.88 2.75 0.97 
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4.5.2 Difference in qualitative understanding and quantitative proficiency between types 

of EPR 

 
Since the results of repeated-measures analysis indicate that there is a significant 

interaction between times of measurement and types of EPR, this study conducted pairwise 

comparisons to examine the difference of qualitative understanding and quantitative proficiency 

between times of measurement and types of EPR. Pairwise comparisons using the Bonferroni 

method demonstrate that there are significant differences in participants’ qualitative 

understanding between ILP and SLP groups in posttest 1, F(1, 38)= 9.24, p < 0.05, η2 = 0.20, and 

posttest 2, F(1, 38)= 7.58, p < 0.05, η2 = 0.17. There was no significant difference in participants’ 

qualitative understanding between ILP and SLP groups in the pretest. Figure 21 illustrates the 

difference in qualitative understanding between ILP and SLP groups across the times of 

measurement. 

 

 

Figure 20. Qualitative Understanding between Types of EPR across the Times of Measurement 

 

Regarding the quantitative proficiency, pairwise comparisons using Bonferroni method 

identified there are significant differences in participants’ quantitative proficiency between ILP 
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and SLP groups in posttest 1, F(1, 38)= 11.56, p < 0.05, η2 = 0.20. However, there is no 

significant difference in participants’ quantitative proficiency between ILP and SLP groups in 

posttest 2. There was no significant difference in participants’ quantitative proficiency between 

ILP and SLP groups in the pretest. Figure 22 illustrates the difference in quantitative proficiency 

scores between ILP and SLP groups across the times of measurement. 

 

Figure 21. Quantitative Proficiency between Types of EPR across Times of Measurement 
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CHAPTER 5 

 

DISCUSSION 
 

The purpose of this study was to investigate whether the type of scaffolding (i.e., iconic 

vs. symbolic) promoting Externalizing Problem Representation (EPR) improves qualitative 

understanding and quantitative proficiency in ratios and proportional reasoning in a learning 

game context. This study reviewed features and benefits of math learning games, mental problem 

representation in math problem solving, and the advantages of EPR. To accomplish the purpose 

of this study, learning probes that prompt learners to externalize their internal problem 

representation were developed in two different formats, iconic and symbolic, based on Mayer’s 

math problem representation model. In the experiment, forty-five participants in this study 

processed either iconic or symbolic learning probes during their gameplay. Finally, qualitative 

understanding and quantitative proficiency were measured three times: before this study, after 

playing the shipping container episode with a low complexity task, and after playing the shipping 

container episode with a high complexity task. In this final chapter I discuss major research 

findings of this study based on the theoretical research reviewed in Chapter 2. Then I describe 

the implications of this study and suggestions for future study. 

 

5.1 Research Findings 

As discussed in Chapter 2, prior research demonstrated that video games tend to facilitate 

mostly qualitative understanding instead of quantitative proficiency (Clark et al., 2011; Squire, 

Barnett, Grant, & Higginbotham, 2004; VanLehn, 1996; VanLehn & van de Sande, 2009; 

Waldrip, Prain, & Sellings, 2013). The results of this study, however, indicated that the effects of 

video games on qualitative understanding and quantitative proficiency differ depending on the 
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format of the learning probes that prompt learners’ problem representation in video game 

contexts. Specifically, in the domain of ratios and proportional reasoning, qualitative 

understanding was enhanced when symbolic learning probes were presented to the study 

participants whereas quantitative proficiency was enhanced (after playing with a high complexity 

task) when iconic learning probes were presented. On the other hand, participants in the 

symbolic learning probe group in general demonstrated a higher level of qualitative 

understanding than the participants in the iconic learning probe group after playing Earthquake 

Rebuild with a low and a high complexity task. In addition, participants who processed the 

symbolic learning probes outperformed the participants who processed iconic learning probes in 

quantitative proficiency after Earthquake Rebuild with a low complexity task. Further discussion 

regarding the results of this study will take place.  

 

5.2 Research Question One 

Will iconic learning probes promoting EPR enhance qualitative understanding and 

quantitative proficiency in ratios and proportional reasoning with task complexity controlled in 

the educational game? 

Participants’ qualitative understanding in the iconic learning probe group did not change 

during the Earthquake Rebuild gameplay sessions for both low and high complexity tasks. But 

the participants experienced significant growth in quantitative proficiency after they processed 

the iconic learning probes in Earthquake Rebuild compared to before the gameplay. The findings 

of this study are controversial compared with previous research (e.g., Waldrip, Prain, & Sellings, 

2013), which found the effectiveness of video games on qualitative understanding regardless of 

quantitative proficiency. In this study, qualitative understanding remained constant and 

quantitative proficiency increased; this departure from the literature may be attributed in part to 
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the implementation of the iconic learning probes.  

Regarding the negative effect of iconic learning probes on qualitative understanding, 

Kolloffel, Eysink, de Jong, and Wilhelm (2009) argued that using iconic representation outside 

of a video game context, such as diagrams, leads to increased cognitive load in the process of 

understanding concepts in several domains that require specific reasoning steps. According to 

their research, iconic representations facilitate deep understanding involving complex reasoning 

processes when the learner already possesses the relevant schema, whereas the participants in 

this current study did not have relevant schema. In the same vein, Tabachneck-Schijf, Leonardo, 

and Simon (1997) found that iconic representation decreased working memory load when the 

learners already had prior knowledge about the content. When iconic representation was 

demonstrated to novice learners, the learners experienced a high level of cognitive load in the 

process of understanding. That means iconic representation may not be beneficial in constructing 

qualitative understanding if a learner does not have enough prior knowledge or familiarity with 

the concepts or the domains to be learned.  

In addition, the characteristics of information represented by the iconic format are similar 

to other information in video games: depictive, specific, and concrete. As a result, the depiction 

and specificity can distract players from understanding the content in the game. Additional iconic 

information that increases cognitive load in the game environment may hinder the effects of EPR 

activities on the understanding of mathematical propositions regarding ratios and proportional 

reasoning. Thus, this study finding suggests that iconic representation may not be a good format 

for a learning probe to facilitate qualitative understanding, which is supposed to improve 

translation and integration of the propositions in the problems in Earthquake Rebuild toward a 

mental model. Finally, the findings in this study suggest that iconic learning probes prompting 
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EPR may not necessarily help participants to construct schema for ratios and proportional 

reasoning. 

Regarding the positive effect of iconic learning probes on quantitative proficiency, this 

result may be attributed to the benefits of using iconic representations in problem solving. In the 

literature, establishing iconic representation in math problem solving promotes robust mental 

problem representation (Denis, 1991; Hegarty & Koshevnikov, 1999; Rieber, 1995; Van 

Garderen & Montague, 2003; Zimmerman & Cunningham, 1991). Van Garderen and Montague 

(2003) claimed that constructing iconic representation in math problem solving assists the 

understanding of a math problem, an internal problem representation, and cognitive construction. 

Specifically, externalizing propositions in math problem solving using iconic representations 

facilitates algebraic generalization (MacGregor and Stacey, 1993), reflection and verification of 

the problem solving process (Masson et al., 2011), and comprehending the problem (Schnotz et 

al., 2010). Mu study result suggests that iconic learning probes promoting problem 

representation are a good intervention to enhance players’ quantitative proficiency in learning 

game contexts. The two findings regarding iconic effects suggest that iconic learning probes 

facilitate math problem solving even though they do not help with qualitative conceptual 

understanding in the domain of ratios and proportional reasoning. 

 

5.3 Research Question Two 

Will symbolic learning probes promoting EPR enhance qualitative understanding and 

quantitative proficiency in ratios and proportional reasoning with task complexity controlled in 

the educational game? 

The participants’ qualitative understanding in the symbolic learning probe group 
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increased significantly after playing Earthquake Rebuild. However, participants did not 

experience any growth in quantitative proficiency during the Earthquake Rebuild gameplay. The 

goal of the learning probe intervention in this study was to prompt learners’ translation and 

integration of math propositions in Earthquake Rebuild. The results regarding increased 

qualitative understanding are in line with the previous studies regarding the effects of 

paraphrasing or summarizing activities on expository text comprehension. From the game 

literacy perspective, video games are multimodal expository texts, which are delivered through 

combining multimedia, such as static or animated images, sounds, and writing (Buckingham & 

Burn, 2007; Foley & Guzzetti, 2012; Gee, 2014; Jewitt, 2005; Kress & Van Leeuwen, 2001). In 

other words, video games have more modes of meaning making than traditional alphabetic texts 

do; however, the process of summarizing or paraphrasing them still provides similar learning 

benefits. To facilitate expository text comprehension, prompting, summarizing, or paraphrasing 

is a traditional but effective method to guide learners’ attention to crucial concepts in the text 

(Swanson, Moran, Lussier, & Fung, 2013). Armbruster, Anderson, and Ostertag (1987) claimed 

that paraphrasing or summarizing strategies help learners form a structure of the text. They 

explained that forming a text structure facilitates global comprehension and meaningful learning. 

Since the learning probes used in this study were aimed to help learners’ representation of math-

related information (i.e., ratios and proportional reasoning) in Earthquake Rebuild through 

promoting translation and integration, the increase in qualitative understanding implies that the 

symbolic format is an appropriate vehicle to deliver problem representation activities in game 

contexts. 

In contrast to the increase in qualitative understanding, symbolic learning probes 

promoting problem representation did not improve quantitative proficiency. This result is not in 
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line with some previous studies. Koedinger, Alibali, and Nathan (2008) argued that symbolic 

representation such as equations facilitates complex math problem solving. They explained that 

abstract representation “allows for quick reading, manipulating, and writing” (p. 369). 

Accordingly, symbolic representation requires fewer demands on working memory. Similarly, 

Arcavi (2003) argued that visualizing symbolic representation helps to diminish gaps between 

correct solutions in the symbolic format and incorrect intuitions, which are generated in math 

problem solving.  In addition, symbolic representation helps learners to notice the conceptual 

understanding underpinning the problem.  

One plausible explanation for the study result might be that the symbolic learning probe 

did not facilitate growth in quantitative proficiency because of the complexity in a video game 

context. Earthquake Rebuild provides players with problem and math-related information during 

the game-play through various forms, such as orientation and introduction videos, statements in 

the menu (i.e., task, family assignment, help tabs), alert, and notification messages. In this 

complicated context with plenty of information in multiple modalities, players in the symbolic 

learning probe group might process symbolic learning probes without understanding the purpose 

of the learning probe (i.e., translation and integration of information regarding embedded math 

problem) or functional relationships between symbolic representations in the learning probe (Lee 

& Wheeler, 1987). Specifically, players might perform the learning probes using the information 

that they obtained without sufficient cognitive processing. In other words, symbolic learning 

probes did not prompt players to fully represent a math problem beyond the gameplay.  

 

5.4 Research Question Three  

Will iconic learning probes promoting EPR, in comparison to symbolic learning probes 
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promoting EPR, be more effective in enhancing qualitative understanding and quantitative 

proficiency in ratio and proportional reasoning with task complexity controlled in the 

educational game? 

After playing Earthquake Rebuild with a low complexity task, participants in the 

symbolic learning probe group (n=20, M=12.15, SD=2.93) scored significantly higher in 

qualitative understanding than participants in the iconic learning probe group (n=20, M=8.80, 

SD=3.97). After both Earthquake Rebuild gameplay sessions, participants in the symbolic 

learning probe group still scored significantly higher in qualitative understanding (n=20, 

M=12.35, SD=2.87) than participants in the iconic learning probe group (n=20, M=9.35, 

SD=3.94). In addition, participants in the symbolic learning probe group scored significantly 

higher in quantitative proficiency (n=20, M=1.60, SD=1.39) than participants in the iconic 

learning probe group (n=20, M=2.85, SD=.88) after playing Earthquake Rebuild with a low 

complexity task. Yet there was no significant difference in quantitative proficiency between the 

iconic and symbolic learning probe groups after playing Earthquake Rebuild with a high 

complexity task.  

These results suggest that symbolic learning probes supporting players’ problem 

representation better facilitate comprehension of math concepts and their relations than iconic 

learning probes in video game contexts. Furthermore, symbolic learning probes might have 

facilitated reflection of players’ implicit understanding acquired in Earthquake Rebuild 

gameplay by explicating their reasoning processes, and consequently enhanced players’ math 

problem skills in the domain of ratio and proportional reasoning.  
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5.5 Significance of the Study 

Since Malone (1980) offered a meaningful discussion of learning game design, video 

games have been acquiring much attention as a promising platform that involves the following 

benefits in learning: enhancing motivation, elevating interactivity, accommodating extended 

cognitive activity, and supporting complex learning. However, few experimental studies have 

been conducted on how learning supports in video games improve learning. Specifically, no 

study has ever explored the effects of iconic and symbolic learning supports in a video game 

context. Regarding learning support design in video games, this study provides several critical 

points encompassing theoretical and practical perspectives.  

First, this study confirmed the ambiguity of effects of video games on math achievement 

via a meta-analysis that suggests the necessity of learning supports in video games. To resolve 

the ambiguity, this study synthesized the literature regarding the effects of video game on math 

learning. A meta-analysis was conducted to synthesize 27 standardized mean difference effect 

sizes of video games from 17 studies between 2005 and 2014. The meta-analysis confirmed a 

low average effect size of 0.20 with standard error of 0.06 on math learning. Through the meta-

analysis, this study suggested that video games alone are not sufficient to facilitate math 

learning. It suggested the necessity of additional learning supports in video games.  

Second, this study will inform scholars and designers of game-based learning about 

designing learning support and its properties in video game contexts. This study has 

demonstrated tangible examples of learning support in a math learning game. For example, this 

study specified the development process of learning support, which helps learners externalize 

cognitive and metacognitive processes of representing math-related information required in the 

game. Based on Mayer’s problem representation stage (1985), the learning supports were 
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designed to prompt players to externalize six problem representations required to solve the 

embedded math problem in Earthquake Rebuild. In particular, this study exemplified the 

properties of learning supports in two different formats: iconic and symbolic.  

Finally, this study provides design principles for learning supports in math learning game. 

This study found that in-game iconic learning supports enhance quantitative problem solving 

whereas symbolic learning supports enhance the acquisition of qualitative understanding. 

Overall, participants who processed symbolic learning supports outperformed other participants 

who processed iconic learning supports in math concepts understanding, ratios and proportional 

reasoning, regardless of the complexity of embedded math problems in the game. In addition, 

participants who processed symbolic learning supports scored better than other participants who 

processed iconic learning supports in math problem solving when the complexity of the 

embedded math problem was low. Thus, if the goal of a learning game is to promote math 

problem solving skills, learning supports prompting iconic representation should be integrated 

whereas if the goal of a learning game is to facilitate qualitative math understanding, learning 

supports prompting symbolic representation should be the focus. 

 

5.6 Limitations of the Study 

There are a few limitations to this study. The first limitation of the study relates to the 

lack of game play data in measuring qualitative understanding or quantitative proficiency. The 

purpose of this study is to examine the effects of iconic and symbolic learning probes on 

qualitative understanding and quantitative proficiency. To measure the dependent variables, 

qualitative understanding and quantitative proficiency, this study employed eight items on the 

paper and pencil test before and after playing Earthquake Rebuild. Regarding the assessment 
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method in video game contexts, Shute and Ventura (2013) argued that students’ learning 

outcomes acquired in video game contexts should be assessed in the same environment rather 

than assessed in decontextualized environments like multiple choice questions on paper and 

pencil tests. In Earthquake Rebuild, there are three types of in-game credits, which are associated 

with the efficiency of problem solving in ratios and proportional relationships: happiness, 

material, and time credits. The happiness credit is awarded when the player saves and places 

families in the shipping containers or the player builds the row house appropriately at the 

designated place. The happiness credit is deducted when the player removes the families from 

the shipping containers. In addition, the material credit is awarded when the player collects 

materials in the gameplay, but deducted when the player purchases shipping containers or 

materials. Players are rewarded if they use materials efficiently using the mathematical principles 

of ratios and proportional reasoning. Finally, the time credit is awarded as much as the player 

completed the game task earlier than 35 minutes. Even though these three types of credits 

provide solid information regarding player’s efficiency of problem solving, this study could not 

use them to fully capture quantitative proficiency because the reliability and validity of the game 

scoring system were not yet fully validated. Furthermore, the method to construct a composite 

score using the three game credits was not verified. To implement “valid, reliable, and 

unobtrusive” (p. 31) assessment in video game contexts, stealth assessment methods provide a 

good venue to enhance the validity of measure (Shute & Ventura, 2013). Stealth assessment in 

Earthquake Rebuild will be discussed in the section of Directions of Future Study.     

Second, the repeated-measures design that this study employed is exposed to some 

drawbacks, such as sequence and practice effects (Howell, 2012). In this study, all participants in 

either the iconic or symbolic learning probe group played Earthquake Rebuild with a low 
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complexity task followed by Earthquake Rebuild with a high complexity task. Thus, the 

hierarchical relationships between the math tasks embedded in Earthquake Rebuild may 

influence those two dependent variables, qualitative understanding and quantitative proficiency. 

Furthermore, players’ qualitative understanding and quantitative proficiency measured after 

Earthquake Rebuild with a high complexity task were probably influenced by the previous 

gameplay. In this study, sequence and practice effects comprised a limitation. Future research 

controlling these two effects will be discussed next. 

Lastly, symbolic signs were mainly used in the design of the test items to measure 

qualitative understanding and quantitative proficiency. It may influence the cognitive process of 

the learner answering the test. Considering the purpose of this study, which is examining the 

effect of iconic and symbolic learning probes, this fracture may distort the results of this study. 

Participants in the symbolic learning probe condition may have better chance to answer the test 

items than participants in iconic learning probe group. 

 

5.7 Directions for Future Research 

The first suggestion for future research on developing learning probe promoting problem 

representation in video game contexts would be to examine the properties of the combined 

representation of iconic and symbolic signs. In this study, the learning probes requested players 

to represent the problem and math-related information obtained in Earthquake Rebuild into 

either iconic or symbolic form. Compared to solely iconic or symbolic representation, a 

combined representation maintaining spatial relationships (i.e., schematic representation) 

facilitates math problem solving (Hegarty & Kozhevnikov, 1999; Krawec, 2010). Specifically, a 

combined format of iconic and symbolic signs involving “spatial relationships between objects 

and imagining spatial transformations” (p. 685) promotes math problem solving (Hegarty & 
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Kozhevnikov, 1999). This suggests that prompting players to represent problem and math-related 

information through combined formats in video game contexts would facilitate deep learning and 

problem solving. 

The second suggestion for the future study would be to employ counterbalanced 

experimental design to overcome the internal validity issue in repeated-measures design. As seen 

in Table 8, counterbalancing the design could help us to minimize the threat to internal validity 

presented by sequence and practice effect. 

Table 8. 

Counterbalanced Experimental Design of the Study. 

 

Pretest 
 

(15min) 

Game 
play 

(35min) 

Posttest 
 

(15min) 

Game 
play 

(35min) 

Posttest 
 

(15min) 

Iconic Learning Probe Group 1: O1 XLI O2 XHI O3 

Iconic Learning Probe Group 2: O1 XHI O2 XHI O3 

Symbolic Learning Probe Group 1: O1 XLS O2 XHS O3 

Symbolic Learning Probe Group 2: O1 XHS O2 XLS O3 

Note. XLI = iconic learning probes with low complexity; XHI = iconic learning probes with high 
complexity; XLS = symbolic learning probes with low complexity; XHS = symbolic learning 
probes with high complexity; O1 = pretest; O2 = first posttest; O3 = second posttest. 

 
 

The final suggestion for future study would be to design and test the stealth assessment 

mechanism in Earthquake Rebuild. Stealth assessment refers to Evidence-Centered Design 

(ECD)-based assessments using players’ sequence of actions associated with targeted skills and 

competencies (Shute & Ventura, 2013). Since ECD is a good framework to interweave player’s 
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actions and assessment, stealth assessment of qualitative understanding and quantitative 

proficiency will shed light on assessing player’s performance without interrupting the game-

based learning process. 
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APPENDIX A 

OVERALL CONFIDENCE INTERVAL PLOT FOR THE FIXED-EFFECT 

MODEL  
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APPENDIX B 

MATH TASK WITH A LOW COMPLEXITY TASK EMBDED IN 

EARTHQUAKE REBUILD 

 
A shipping container size 6 meters in length x 3 meters in width x 6 meters in height, has 
been converted into a home.  
 
You need to divide the population of 10 families (with 5 families comprising 2 adults and 
1 child, 1 family comprising 2 adults and 2 children, 2 families comprising 1 adult and 1 
child, 2 families comprising and 1 adult and 2 children) into the converted shipping 
container houses. Please keep in mind that no family can be separated. 
 
Answer the following question. 
  
Each adult needs 4 square meters. The ratio of an adult’s need to a child’s need is 2 to 1.  
 
How many containers do you need at least to accommodate all 10 families? 
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APPENDIX C 

MATH TASK WITH A HIGH COMPLEXITY TASK EMBDED IN 

EARTHQUAKE REBUILD 

A shipping container size 6 meters in length x 3 width in length x 6 meters in height has 
been converted into a home.  
 
You need to divide the population of 10 families (with 3 families comprising 2 adults and 
1 child, 1 family comprising 2 adults and 2 children, 2 families comprising 1 adult and 1 
child, 2 families comprising 1 adult and 2 children, and 2 families comprising 2 adults 
only) into the converted shipping container houses. Please keep in mind that no family 
can be separated. 
 
Answer the following question. 
  
Each adult needs 6 square meters. The ratio of an adult’s need to a child’s need is 1/3 to 
1/6.  
 
How many containers do you need at least to accommodate all 10 families? 
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APPENDIX D 

THREE ITEM SETS OF QUALITATIVE UNDERSTANDING  

 

Set #1 

 
#1. Mr. Keen, a band teacher, wanted to know if certain types of instruments are more appealing 
to one gender or the other. So, he conducted a survey of his students’ preferences. The results are 
compiled in the chart below: 
 

 Boys Girls 

Strings 15 23 

Woodwind 19 30 

Brass 27 13 

Percussion 32 25 

 
 
2 What is the ratio of the number of girls preferring woodwind instruments to the number of 

boys preferring woodwind instruments? 
 
3 What is the ratio of the number of boys preferring percussion instruments to the total 

number of boys who were surveyed? 
 
4 What is the ratio of the number of girls preferring strings to the total number of students 

preferring strings?  
 
#2. To make the color purple, Jamal’s art teacher instructed him to mix equal parts of red paint 
and blue paint. To make a different shade of purple, the ratio of red paint to blue paint is 2:1. 
What does the ratio 2:1 mean? Explain 
 
#3. Answer the questions below. 
 

� The fountain in the pond behind Kevin’s school has a pump that recirculates 60 gallons 

of water every 
�

�
 of an hour.  Express this rate as a unit rate in gallons per hour. 

 
� The fountain in the pond at the public park near Kevin’s house has a pump that 

recirculates 75 gallons of water in 
�

�
 of an hour.  Express this rate as a unit rate in gallons 

per hour. 
 

� Which fountain flows at a faster rate? Explain. 
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#4. Juan learned that gear ratio refers to the number of times one gear rotates in relation to 

another gear. The ratio of the gears in the picture below is 1
�

�
 to 

�

�
	. 

 

 
 
 

� Write two unit rates to represent the gear ratio above. 

 
� Explain what each unit rate means in the context of the problem 

Set #2 
 
#1. Mr. James, a PE teacher, wanted to know if certain types of sports are more appealing to one 
grade or the other. So, he conducted a survey of his students’ preferences. The results are 
compiled in the chart below: 
 

 Grade 6 Grade 7 

Flag Football 18 29 

Soccer 22 27 

Frisbee 32 11 

Basketball 34 27 

 
 
o What is the ratio of the number of 7th grade students preferring soccer to the number of 6th 

grade students preferring soccer? 
 
o What is the ratio of the number of 6th grade students preferring basketball to the total number 

of 6th grade students who were surveyed? 
 
o What is the ratio of the number of 7th grade students preferring flag football to the total 

number of students preferring flag football?  
 
 
#2. Miss Williams asked her class if they prefer doing their homework before school or 
afterschool. If the ratio of students who prefer doing homework before school to students who 

prefer doing homework afterschool is 
�

��
, what does the ratio 

�

��
 represent? Explain. 
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#3. Answer the questions below. 
 

� The fountain in the pond behind Kevin’s school has a pump that recirculates 90 gallons 

of water every 
�

�
 of an hour.  Express this rate as a unit rate in gallons per hour. 

 
� The fountain in the pond at the public park near Kevin’s house has a pump that 

recirculates 120 gallons of water in 
�

�
 of an hour.  Express this rate as a unit rate in 

gallons per hour. 
 

� Which fountain flows at a faster rate? Explain. 
 
#4. Juan learned that gear ratio refers to the number of times one gear rotates in relation to 

another gear. The ratio of the gears in the picture below is 1
�

�
 to 

�

	
	. 

 

 
 

� Write two unit rates to represent the gear ratio above. 

 
� Explain what each unit rate means in the context of the problem 

 

Set #3 

 
#1. Mr. Juliet, a principal, wanted to know if certain types of subjects are more appealing to one 
gender or the other. So, he conducted a survey of his students’ preferences. The results are 
compiled in the chart below: 
 

 Boys Girls 

Math 15 23 

Science 19 30 

Social study 27 13 

History 32 25 

 
 
o What is the ratio of the number of girls preferring science to the number of boys preferring 

science? 
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o What is the ratio of the number of boys preferring history to the total number of boys who 
were surveyed? 

 
o What is the ratio of the number of girls preferring math to the total number of students 

preferring math?  
 
 
#2. Abe and Malik both stayed after school on Wednesday to practice their instruments. Abe 
practiced for 30 minutes. Malik practiced 10 minutes longer than Abe. Write a ratio that 
compares Abe’s practice time to Malik’s practice time. Explain the meaning of the ratio. 
 
#3. Answer the questions below. 
 

� The fountain in the pond behind Kevin’s school has a pump that recirculates 45 gallons 

of water every 
�

	
 of an hour.  Express this rate as a unit rate in gallons per hour. 

 
� The fountain in the pond at the public park near Kevin’s house has a pump that 

recirculates 60 gallons of water in 
�

�
 of an hour.  Express this rate as a unit rate in gallons 

per hour. 
 

� Which fountain flows at a faster rate? Explain. 

 

#4. Juan learned that gear ratio refers to the number of times one gear rotates in relation to 

another gear. The ratio of the gears in the picture below is 1
�

�
 to 

�

�

	. 

 

 
 

� Write two unit rates to represent the gear ratio above. 

 
� Explain what each unit rate means in the context of the problem 
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APPENDIX E 

RUBRICS FOR ASSESSING QUALITEATIVE UNDERSTANDING 

 
For more rubrics, go to the site of Mathematics Formative Assessment System  
 
(http://www.cpalms.org/Resource/mfas.aspx) 

Getting Started 

Misconception/Error 

The student multiplies the numbers together.  

Examples of Student Work at this Level 

The student multiplies the two numbers together and says the product is the answer (the ratio).  

Questions Eliciting Thinking 

How did you come up with your answer? Why did you multiply the numbers? 

 

What part of the question suggested that you should multiply? 

 

Were there any words you did not know? 

 

What is a ratio? 

 

Instructional Implications 

Provide direct instruction on ratios. Describe ratios as comparisons of two quantities and point out that the 

quantities may or may not contain the same units of measure. Emphasize the meaning of ratios in context 

and the use of ratio language (e.g., for each , for every , and per ) when interpreting ratios or describing 

their meaning. Give the student additional opportunities to write and interpret ratios in the context of a 

variety of problems. 

 

Use manipulatives and drawings to model ratios. 

 

Moving Forward 

Misconception/Error 

The student writes part-to-part ratios for part-to-whole ratios.  

Examples of Student Work at this Level 

The student correctly writes 30:19 for the first ratio. However, the student writes 23:15 instead of 23:38 for the  
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third one. 

Questions Eliciting Thinking 

What does the ratio 23:15 represent? Show me how you got the 15. 

 

What does the 15 represent in the chart? What did the question ask for? 

 

Instructional Implications 

Make explicit the difference between part-to-part and part-to-whole ratios. Use visuals to help the student 

recognize the difference between these two types of ratios. Show part-to-part and part-to-whole ratios side 

by side. Explicitly relate the numbers in the ratios to quantities described in the problem. Ask the student to 

compare and contrast them.  

 

Model how to write a part-to-whole ratio from a part-to-part ratio and vice versa. Provide the student with 

additional practice problems. 

 

Almost There 

Misconception/Error 

The student writes the ratio in the wrong order.  

Examples of Student Work at this Level 

The student puts the larger number first in all ratios. 

 

The student puts the larger number second in all ratios. 

 

Questions Eliciting Thinking 

How did you decide which number to put first? How is the question worded? Which quantity is described first 

in the question? 

 

How did you get the ratio ______ ?  

 

Why do you think the larger number is always first (or second) in a ratio? 

 

Instructional Implications 

Explain how the description of a ratio is related to the order in which the numbers are written in the ratio. 

Encourage the student to pay close attention to the way ratios are described in problems. Provide the student 

with a variety of contexts in which ratios are described and ask the student to write ratios in multiple ways, 

varying the order of the quantities in the ratios. Use examples involving scores or win/loss records. 

 

Got It 
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Misconception/Error 

The student provides complete and correct responses to all components of the task.  

Examples of Student Work at this Level 

The student writes correct ratios for all three problems. The student writes the first ratio as 30:19, the second 

ratio as 32:93, and the third ratio as 23:38. 

 

The student is able to explain how he or she determined each ratio. 

 

 

Questions Eliciting Thinking 

How does question two differ from question three?  

 

If a student wrote 32:25 for question two, what did the student do wrong?  

 

If a student wrote 23:15 for question three, what did the student do wrong? 

 

Instructional Implications 

Give the student a part-to-whole ratio and ask him or her to write a part-to-part ratio. Have the student 

explain the process he or she used to write the new ratio. 

 

Pair the student with a Moving Forward  classmate and ask the student to explain the difference between 

part-to-part and part-to-whole ratios. Have the student describe additional ratios for the Moving Forward  

partner to write. 
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APPENDIX F 

THREE ITEM SETS OF QUANTITATIVE PROFICIENCY 

Set #1 

#5.  
Marissa is using the tape diagram below to decide the volumes of rice (represented by unshaded 
blocks) and broth (represented by shaded blocks) to use when she makes paella. 
How much broth does Marissa use? 
 

2 cups 2 cups 2 cups 2 cups 2 cups 

 
(       ) cups 
 
#6.  
Which of these picture shows a 4 : 3 raspberries (represented by shaded boxes) to lychees 
(represented by unshaded boxes)? 
 
Picture 1: 
 

1 pint 1 pint 1 pint 1 pint 1 pint 1 pint 1 pint 

 
Picture 2: 
 

2 pints 2 pints 2 pints 2 pints 2 pints 2 pints 2 pints 

 
Picture 3: 
 

2 pints 1 pint 1 pint 1 pint 2 pint 1 pint 1 pint 

 

 
Picture 4: 
 

1 bu 1 pint 1 pint 1 pint 1 bu 1 pint 1 pint 
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#7.  

It takes 30 minutes for 9 people to paint 9 walls.  
 
How many minutes does it take 12 people to paint 12 walls? 
 
(  ) minutes 
 
 
#8.  
The table below shows the ratio of sugar to flour used in a cake recipe. 
 
How many cups of sugar are used with 1 cup of flour 
 

Flour Sugar 

1

9
 

2

21
 

1

3
 

2

7
 

1 ? 

3 
18

7
 

 
 
(   ) cup 
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Set #2 

 
#5.  
Marissa is using the tape diagram below to decide the volumes of rice (represented by 
unshaded blocks) and broth (represented by shaded blocks) to use when she makes paella. 
How much broth does Marissa use? 
 

3 cups 3 cups 3 cups 3 cups 3 cups 

 
(       ) cups 
 
 
#6.  
Which of these picture shows a 3 : 4 raspberries (represented by shaded boxes) to lychees 
(represented by unshaded boxes)? 
 
Picture 1: 
 

1 pint 1 pint 1 pint 1 pint 1 pint 1 pint 1 pint 

 
 
Picture 2: 
 

2 pints 2 pints 2 pints 2 pints 2 pints 2 pints 2 pints 

 
 
Picture 3: 
 

2 pints 1 pint 1 pint 1 pint 2 pint 1 pint 1 pint 

 

 
Picture 4: 
 

1 bu 1 pint 1 pint 1 pint 1 bu 1 pint 1 pint 
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#7.  

It takes 60 minutes for 9 people to paint 5 walls.  
 
How many minutes does it takes 4 people to paint 6 walls? 
 
(  ) minutes 
 
 
#8.  
The table below shows the ratio of sugar to flour used in a cake recipe. 
 
How many cups of sugar are used with 1 cup of flour 
 

Flour Sugar 

1

8
 

1

10
 

1

3
 

4

15
 

1 ? 

3 
12

5
 

 
 
(  ) cup 
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Set #3 

 

#5.  
Marissa is using the tape diagram below to decide the volumes of rice (represented by unshaded 
blocks) and broth (represented by shaded blocks) to use when she makes paella. 
How much broth does Marissa use? 
 

5 cups 5 cups 5 cups 5 cups 5 cups 

 
(       ) cups 
 
 
#6.  
Which of these picture shows a 5 : 2 raspberries (represented by shaded boxes) to lychees 
(represented by unshaded boxes)? 
 
 
Picture 1: 
 

1 pint 1 pint 1 pint 1 pint 1 pint 1 pint 1 pint 

 
 
Picture 2: 
 

2 pints 2 pints 2 pints 2 pints 2 pints 2 pints 2 pints 

 
 
Picture 3: 
 

2 pints 1 pint 1 pint 1 pint 2 pint 1 pint 1 pint 

 

 
Picture 4: 
 

1 bu 1 pint 1 pint 1 pint 1 bu 1 pint 1 pint 
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#7.  

It takes 63 minutes for 4 people to paint 7 walls.  
 
How many minutes does it take 5 people to paint 10 walls? 
 
(  ) minutes 
 
 
#8.  
The table below shows the ratio of sugar to flour used in a cake recipe. 
 
How many cups of sugar are used with 1 cup of flour 
 

Flour Sugar 

2

3
 

10

21
 

1

3
 

5

21
 

1 ? 

3 
15

7
 

 
 
(  ) cups 
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APPENDIX G 

HUMAN SUBJECT COMMITTEE APPROVAL MEMORANDUM 

 

 

 
Office of the Vice President For Research 
Human Subjects Committee 
Tallahassee, Florida 32306-2742 

 (850) 644-8673 · FAX (850) 644-4392 
 
APPROVAL MEMORANDUM 
 

Date:  
 
To:  
 
Address: 

 
Dept.:   
 
From:       Thomas L. Jacobson, Chair 
 
Re: Use of Human Subjects in Research 

 
 
 

The application that you submitted to this office in regard to the use of human subjects in the research proposal 
referenced above has been reviewed by the Human Subjects Committee at its meeting on                              

Your project was approved by the Committee. 
 
The Human Subjects Committee has not evaluated your proposal for scientific merit, except to weigh the risk to 
the human participants and the aspects of the proposal related to potential risk and benefit.  This approval does 

not replace any departmental or other approvals which may be required. 
 

If you submitted a proposed consent form with your application, the approved stamped consent form is attached 
to this approval notice. Only the stamped version of the consent form may be used in recruiting research 
subjects. 
 

If the project has not been completed by                      you must request a renewal of approval for continuation 
of the project. As a courtesy, a renewal notice will be sent to you prior to your expiration date; however, it is 
your responsibility as the Principal Investigator to timely request renewal of your approval from the Committee. 

 
You are advised that any change in protocol for this project must be reviewed and approved by the Committee 

prior to implementation of the proposed change in the protocol. A protocol change/amendment form is required 
to be submitted for approval by the Committee. In addition, federal regulations require that the Principal 
Investigator promptly report, in writing, any unanticipated problems or adverse events involving risks to 
research subjects or others.  
 
By copy of this memorandum, the chairman of your department and/or your major professor is reminded that 

he/she is responsible for being informed concerning research projects involving human subjects in the 
department, and should review protocols as often as needed to insure that the project is being conducted in 
compliance with our institution and with DHHS regulations. 

 
This institution has an Assurance on file with the Office for Human Research Protection.  The Assurance 
Number is IRB00000446. 
 
 Cc:  
 HSC No.  

Sungwoong Lee <sl09d@my.fsu.edu>

2415 Old St. Augustine Rd. #1311

EDUCATIONAL PSYCHOLOGY AND LEARNING SYSTEMS

The Effects of Representation Format in Problem Representation on Qualitative and Quantitative Understanding in a
Learning Game Context

02/10/2016

2014.14498

03/04/2015

02/11/2015

Fengfeng Ke <fke@admin.fsu.edu>, Advisor
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APPENDIX H 

INFORMED CONSENT FORM FOR PARENTS 

 

 

FSU Human Subjects Committee approved on 5/19/15. Void 2/10/16. HSC # 
2015.15163. 
 

Parental Permission Form 

My name is Sungwoong Lee and I am a doctoral student in the Educational Psychology 
and Learning Systems department at Florida State University. Your child is invited to be 
in a research study about learning supports for problem representation in a game context. 
We are asking that your child take part because your child is in the age group we want to 
study. We ask that you read this form and ask any questions you may have before 
agreeing to allow your child to take part in this study.  

The study: The purpose of this study is to investigate whether the type of learning 
support in different formats (i.e., iconic vs. symbolic) promoting construction of problem 
representation improves math learning about ratios and proportional relationships in a 
learning game context, Earthquake Rebuild.  

If you agree to allow your child to take part, your child will participate in a 2-session 
game-based learning program over the course of two days (1 session each day). The first 
session (Day 1) will last approximately 90 minutes and the second session (Day 2) will 
last approximately 45 minutes. 

Risks and benefits: The risks in this study are that your child may feel a little frustrated 
with the game. A potential benefit to your child if he or she takes part in the study is that he 

or she may improve his or her math motivation and knowledge through the program.  

 

Compensation: Your child will receive a $15 gift card for taking part in the study after s/he 
completes two sessions for two days. In other words, your child will not be paid if your child 
withdraws from the study. 

Confidentiality: The records of this study will be kept confidential, to the extent 
permitted by law. The survey will ask only for gender and age, and will not include your 
child’s name. It will not be possible to figure out your child’s answers. Surveys will be 
kept securely for three (3) years after this study ends in a locked cabinet and office.  

Voluntary Participation: Your child’s participation in this study is completely 
voluntary. Your child may skip any questions he or she doesn't feel comfortable 
answering. Your decision whether or not to allow your child to take part will not affect 
your current or future relationship with Florida State University or with your child’s 
school.  If you decide to allow your child to take part, your child is free to not do the 
survey, skip any questions, or stop at any time. You are free to withdraw your child at 
any time without affecting your relationship with the University or your child's school.  

The researcher for this study is Sungwoong Lee under supervision of his major advisor, 
Dr. Fengfeng Ke. If you have any questions or concerns, please contact him at (850) 274-
1316 or sl09d@my.fsu.edu or Dr. Fengfeng Ke at (850) 644-8794 or fke@fsu.edu 
Please feel free to ask any questions you have now, or at any point in the future. If you 
have any questions or concerns about your child's rights as a research subject, you may 
contact the FSU Institutional Review Board (IRB) at 850-644-8633 or you may access 
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APPENDIX I 

ASSENT FORM FOR CHILDREN 

 

FSU Human Subjects Committee approved on 5/19/15. Void 2/10/16. HSC # 2015.15163 
 

Assent Form for Students 
 
My name is Sungwoong Lee. I am a student researcher from Florida State University. I 
am asking if you would like to take part in a research study called “Problem 
Representation in a Math Game Context”, which is about solving math tasks in the 
Earthquake Rebuild video game.  
 
If you agree to be in this study, you will play a math video game twice, on two different 
days. Specifically, the first gameplay session (Day 1) will last around 90 minutes and the 
second gameplay session 45 minutes (Day 2). Before you play the game, you will answer 
8 math problems. After each gameplay, you will answer another 8 math problems.  
 
Playing this game may make you feel a little frustrated. You can take breaks if you’d like 
to. This study may help teachers learn better ways to help students with their math 
learning. 
 
You will receive a $15 gift card for taking part in the study after you complete two sessions 
for two days. In other words, you will not be paid if you withdraw from the study.  
 
Please talk this over with your parents before you decide whether or not to participate. 
We have asked your parents to give their permission for you to take part in this study. But 
even if you parents said “yes” to this study, you can still decide to not take part in the 
study, and that will be fine. 
  
If you do not want to be in this study, you do not have to participate. This study is 
voluntary, which means that you decide whether or not to take part in the study. Being in 
this study is up to you, and no one will be upset in any way if you do not want to 
participate or even if you change your mind later and want to stop.  
 
You can ask any questions that you have about this study. If you have a question later 
that you did not think of now, you can call me at 850-274-1316 or sl09d@my.fsu.edu, or 
my advisor, Dr. Fengfeng Ke at at (850) 644-8794 or fke@fsu.edu.  
 
Signing your name at the bottom means that you agree to be in this study. You and your 
parents will be given a copy of this form after you have signed it. 
 
 
Name of child (please print) 
 
 
Signature of Child                   Da te 
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