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a b s t r a c t

This study examined the effects of a computer game on students' mathematics achievement and moti-
vation, and the role of prior mathematics knowledge, computer skill, and English language skill on their
achievement and motivation as they played the game. A total of 193 students and 10 teachers participated
in this study. The teachers were randomly assigned to experimental and control groups. A mixed method of
quantitative and interviews were used with Multivariate Analysis of Co-Variance to analyze the data.
The results indicated significant improvement of the achievement of the experimental versus control
group. No significant improvement was found in the motivation of the groups. Students who played the
games in their classrooms and school labs reported greater motivation compared to the ones who played
the games only in the school labs. Prior knowledge, computer and English language skill did not play
significant roles in achievement and motivation of the experimental group.

! 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Continuing advances in technology, the widespread popularity of entertaining computer games, and recent reports underscoring the
potential of game-based learning (e.g., Egenfeldt-Nielsen, 2005; Federation of American Scientists, 2006; Mitchell & Savill-Smith, 2004)
have renewed interest in the use of instructional games (defined here as computer games designed for training or educational purposes) in
various sectors, such as but not limited to health (e.g., Papastergiou, 2009b), education (e.g., Coller & Scott, 2009; Ke & Grabowski, 2007) and
military (Smith, 2010).

Technology has also made it possible to play games on simple platforms such as mobile devices that offer access to many who may not
have personal computers (Mitchell & Savill-Smith, 2004). Furthermore, instructional games create a new learning culture that better
corresponds with students' habits and interests (Prensky, 2001), andmore importantly, instructional games are thought to be effective tools
for teaching difficult and complex procedures because they (a) use action instead of explanation, (b) create personal motivation and
satisfaction, (c) accommodate multiple learning styles and skills, (d) reinforce mastery skills, and (e) provide interactive and decision
making context (Charles & McAlister, 2004; Holland, Jenkins, & Squire, 2002).

Given these benefits, an increasing number of educators are using instructional games in formal school settings. Three UK reports from
(a) the British Educational Communications and Technology Agency (Dawes & Dumbleton, 2001), (b) Teachers Evaluating Educational
Multimedia (McFarlane, Sparrowhawk, & Heald, 2002), and (c) the Department for Education and Skills (Kirriemuir, 2005) discussed how
games can be integrated into school settings. Another report from Federation of American Scientists (2006) suggested that integration of the
games into schools could help reform the educational system. “People acquire new knowledge and complex skills from game play, sug-
gesting gaming could help address one of the nation's most pressing needse strengthening our system of education and preparing workers
for 21st century jobs” (Federation of American Scientists, 2006, p. 3).

The problem is that there is a dearth of empirical research about the effect of the games on learning in formal school settings (Mitchell &
Savill-Smith, 2004) to guide future research and practice. A cursory literature review, using Cooper's (1985) framework, indicated that of the
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40 reviewed studies related to instructional games, only 16 empirical studies and 4 literature reviews focused on the use of instructional
games for facilitating learning in a formal school setting.

Methodological flaws in empirical studies are another factor that prevents us from drawing solid conclusions about the effects of
instructional games on student learning. One of frequent problems is lack of control groups in the studies. Examining the effect of
a treatment without comparison with a control group is problematic (Mitchell & Savill-Smith, 2004; Vogel et al., 2006). Of the 16 empirical
studies contained in the cursory review, only eight studies used experimental research design incorporating control and treatment groups.

Furthermore, the results of the literature review indicated mixed results. Although the majority of the empirical studies, 11 of 16
(see Table 1), reported that using instructional games improves learners' achievements and/or motivation, the comparison of the literature
reviews' conclusions indicated mixed results (see Table 2).

The findings of empirical studies revealed that instructional games improved learners' achievement in 9 of 16 studies (Corsi et al., 2006;
Klawe, 1998; Ke & Grabowski, 2007; Lopez-Morteo & Lopez, 2007; Moreno, 2002; Owston, Wideman, Ronda, & Brown, 2009; Papastergiou,
2009a; Rosas et al., 2003; Yip &Kwan, 2006), promoted learner'smotivation in 4 of 16 studies (Klawe,1998; Lopez-Morteo& Lopez, 2007; Rosas
et al., 2003; Sedighian & Sedighian,1996), andmade no difference in learners' achievement ormotivation in 5 of 16 studies (Din & Calao, 2000;
Halttunen & Sormunen, 2000; Laffey, Espinosa, Moore, & Lodree, 2003; Lim, Nonis, & Hedberg, 2006;McDonald & Hanafin, 2003) (see Table 1).

The literature reviews indicated that the games were not always effective learning tools (see Table 2). For instance, Randel, Morris,
Wetzel, and Whitehill (1992) concluded that of 67 studies, 38 showed no differences between the game and conventional instructions, 27
favored games, but again 5 used questionable methods and 3 favored conventional instructions. The two reviews conducted by Emes (1997)
and Harris (2001) found no clear causal relationship between academic performance and the use of computer games. Based on a review of
48 empirical studies, Hays (2005) found no evidence to indicate instructional games were a preferredmethod of instruction in all situations.
He also concluded that empirical research on effectiveness of instructional games was fragmented and filled with ill-defined terms and
methodological flaws.

The contradicting views of the literature review, the existence of relatively few empirical studies in school settings, and the cited
methodological flaws in the empirical studies necessitate further rigorous empirical study to help educators better understand, implement,
and facilitate the games in classroom setting. As suggested by Van Eck (2006), instructional games would likely experience widespread
development and use if persuasive examples of empirical studies could show the improvement of students' achievement by using
instructional games. This study was conducted in response to such needs to provide solid results by implementing experimental method.

The discussed research gap and the 16 previous empirical studies were used to form this study. As shown in Table 1, the studies mostly
used mathematics games as treatments, achievement and motivation as dependent variables, and prior knowledge, computer experience,
and language background as independent variables. All of the discussed empirical studies examined the effects of 2-Dimensional games.

This study investigated the effects of mathematics games on learning in the context of a formal K-12 setting. To fulfill this purpose, the
effects of 3-Dimentioal modern mathematics games (DimensionM") on high school students' achievement and motivation toward

Table 1
The research methods and results of 16 empirical studies.

Study Dependent
variables

Independent variables Research method Game Subject
Student level

Results

1. Rosas et al. (2003) Achievement
motivation

Mixed method, Experimental Mathematics & reading Positive
Elementary

2. Sedighian and Sedighian (1996) Motivation Qualitative Mathematics Positive
Middle school

3. Klawe (1998) Achievement
motivation

Qualitative Mathematics Positive
Middle school

4. Yip and Kwan (2006) Achievement Mixed method,
Quasi- experimental

Mathematics Positive
Higher Ed

5. Lopez-Morteo and Lopez (2007) Motivation Computer experience Quantitative Mathematics Positive
High school

6. Ke and Grabowski (2007) Achievement Prior knowledge Quantitative, experimental Mathematics Positive
Computer experience Middle school
Language background

7. Moreno (2002) Achievement Prior knowledge
computer experience

Quantitative, Experimental Mathematics Positive

Socio-status Elementary
Language background

8. Cameron and Dwyer (2005) Achievement Field independent/
dependent

Quantitative, Experimental Science Positive
Higher Ed

9. Corsi et al. (2006) Achievement Quantitative Management Positive
Higher Ed

10. Owston et al. (2009) Achievement Mixed method, Experimental Reading Positive
Elementary

11. Papastergiou, (2009a) Achievement
motivation

Gender Mixed method, Experimental Computer Positive
High School

12. McDonald and Hanafin (2003) Achievement
motivation

Qualitative, Quasi-Experimental Social studies Mixed
Elementary

13. Din and Calao (2000) Achievement Quantitative, Experimental Mathematics Mixed
Elementary

14. Laffey et al. (2003) Achievement At risk behavioral
problem

Quantitative, Experimental Mathematics Mixed
Elementary

15. Lim et al. (2006) Achievement Mixed method Science Mixed
Elementary

16. Halttunen and Sormunen (2000) Achievement Qualitative Information retrieval Mixed
Higher Ed
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mathematics, as dependent variables, were examined. In addition, the effects of prior knowledge, computer experience, and language
background, as independent variables, were investigated. Unlike the previous studies, this study examined the effect of 3-D modern games
as the recent generation of the games. Further description about the modern games is provided in the Treatment section.

The following questions guided this study:

1. What effects do DimensionM" games have on the students' academic mathematics achievement, as measured by the school district-
wide benchmark exams?

2. What effects do DimensionM" games have on students' motivation as measured by a motivation survey, developed based on Keller's
ARCS Model (1987) and provided in Appendix B.

3. How do individual differences of prior knowledge, computer experience, and language background affect students when using
DimensionM" game? In this study, prior knowledge is referred to preexisting mathematics knowledge and language background is
referred to English fluency. These two factors were determined based on the participants' school record. Computer skill was determined
by the Demographic survey provided in Appendix A.

The following three hypotheses were posed to answer the research questions.

1. There is no significant difference between learners' achievement of the treatment group, who receive DimensionM" games, versus the
control group, who do not receive the games.

2. There is no significant difference between learners' motivations of the treatment group, who receive DimensionM" games, versus the
control group, who do not receive the games.

3. There is no significant difference between achievement and motivations of the students, who play DimensionM" games, with
differences in (a) prior knowledge, (b) computer experience, and (c) language background.

2. Conceptual framework

The review of the literature indicated that a variety of conceptual frameworks were used in studies related to the effect of instructional
games including social constructivism (Halttunen & Sormunen, 2000; Leemkuil, de Jong, de Hoog, & Christoph, 2003; Lim et al., 2006),
intrinsic motivation (Cameron & Dwyer, 2005; Rosas et al., 2003), and experiential theory with Kolb's learning cycle (Egenfeldt-Nielsen,
2005; Garris, Ahlers, & Driskell, 2002; Isaacs & Senge, 1992; Kiili, 2005; Lainema, 2003).

To build the conceptual framework for this study, the experiential learning theory with Kolb's cycle (Dewey, 1938; Kolb, 1984; Kolb &
Kolb, 2005), which was closely related to the experiential nature of DimensionM" games was used to explain the DimensionM" learning
cycle and its effect on the dependent variable of achievement. Additionally, ARCS model (Keller, 1987) along its four attributes of Attention,
Relevance, Confidence, and Satisfaction was used to explain and examine the dependent variable of motivation which is a vital factor
frequently associated to the effectiveness of the games but not elaborated by the experiential learning theory. Both experiential theory and
ARCSmodel were used to explain the role of the independent variables of prior knowledge, computer experience, and language background
on the game learning process.

In the experiential learning theory, educators purposefully engage with learners in a direct experience and focused reflection in order to
increase knowledge, develop skills and clarify values (Dewey, 1938). Experience is occurred as a result of interaction between human beings
and the environment in forms of thinking, seeing, feeling, handling, and doing (Dewey, 1938). This experience may take place equally in real
or artificial environment, as Egenfeldt-Nielsen (2005) stated, “In today's computer games you are part of a living, breathing, simulated
universe with very concrete self-sustaining experiencesegetting still closer to reality” (p. 125). Computer games, which may be designed in
the context of everyday life, can connect the players to everyday life experience. Such concrete experience is the heart of experiential
learning approach in which knowledge is constructed, not transmitted, as a result of experiencing and interacting with the environment.

According to Kolb's experiential learning cycle (Kolb, 1984), any given learning process include the following stages. First, learners start
from a familiar or concrete experience, then they construct knowledge, reflect on the learning experience, develop abstract concept, actively
test the abstract concept to complete the learning process, andfinallymove to the next learning experience. Kolb's stages in the learning cycle
were consistent with the stages facilitated by the teachers using DimensionM": the students (a) completed a simple task or game mission,
(b) reflected on the topic related to the gamemission by completing game and/or class quizzes, (c) developed abstract Algebra concepts, and
(d) engaged in the provided class activities after game-playing, and finallymoved to the next gamemission ormathematics topic (see Fig.1).

However, the problem with Kolb's learning cycle is that it is not clear why learners move to different stages in the learning cycle
(Egenfeldt-Nielsen, 2005). There should have been a factor to stimulate learners tomove to the next stageswithin the cycle. Dewey (1938) as
the founder of experiential learning theory emphasized the importance of motivation in any learning process (Bixler, 2006). Thus, in this
study, motivationwas added to the Kolb learning cycle and considered as a factor that starts the learning cycle and move the learners to the
different stages in the learning cycle (see Fig. 1).

Table 2
Literature reviews on effect of instructional games.

Literature review Number of reviewed studies Results

1. Dempsey et al. (1994) 94 Positive effects
2. Randel et al. (1992) 67 Mixed effects
3. Hays (2005) 48 Mixed effects
4. Vogel et al. (2006) 32 Positive effects
5. VanSickle (1986) 26 Weak positive effects
6. Emes (1997) 3 No effects
7. Harris (2001) 2 No effects
8. Mitchell and Savill-Smith (2004) Unclear Mixed effects
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Fig. 1 illustrates the conceptual framework and the relationships among the variables and adopted theories in this study. The framework
included three main stages of learning input, game learning process, and learning outcome which was similar to three-stage game model
proposed by Garris et al. (2002).

Three individual differences of computer experience, prior knowledge, and language background were suggested by the previous
empirical studies (Ke & Grabowski, 2007; Moreno, 2002) as factors that influenced the effectiveness of instructional games. The experiential
learning theory and ARCS model support such a suggestion that these factors play important roles in the effectiveness of games.

According to the Kolb's learning cycle, individuals with different abilities have different concrete experiences. Different concrete
experiences affect the learning process and consequently the achievement of learners. Thus in this study, learners with different mathe-
matics achievement levels, computer skills, and language backgrounds were considered to have different experiences in completing the
game missions. Additionally, the relevance aspect of ARCS model suggests that the level of familiarity with the game instructions affects
learners' motivation. Thus, learners with different prior knowledge, computer experience, and language background can be motivated
differently depending on how close games relate to their background knowledge.

Therefore, as Fig. 1 shows, three independent variables of English language skill, prior mathematics knowledge, and computer skill were
considered as factors that affected concrete experiences, motivation and consequently game learning cycle. These variables were considered
as inputs into the learning cycle because these are the characteristics that the learners bring to the learning cycle.

Motivation, a dependent variable, was considered as both heart and outcome of the cycle because on one hand, motivation inspired the
game learning activity and on the other hand, it got affected by both the game activity and the three independent variables of English
language skill, prior mathematics knowledge, and computer skill. There was a two-way connection between the game learning cycle and
motivation. Achievement, a dependent variable, was the outcome of a two-way function between cyclical game learning and motivation.
This function was also influenced by the three independent variables.

This conceptual framework provides theoretical foundation for the study variables and hypotheses. Experiential learning suggested that
active engagement of the learners with the game environment coupled with debriefing through game quizzes produce achievement. This
suggestion formed the foundation of the first hypothesis that searched for the effect of DimensionM" on the dependent variable of
achievement. ARCS model (Keller, 1987) was used to test the second hypothesis and examine dependent variable of motivation which is
a vital factor frequently associated to the effectiveness of the games and not elaborated by the experiential learning theory. Both experiential
learning theory and ARCS model suggested that individual differences independent variables of computer experience, prior mathematics
knowledge, and language background influenced the effectiveness of the game. This suggestion supported the third hypothesis that looked
for the effect of the games on individuals with these three differences.

3. Method

This study used the combination of quantitative instruments and interviews to collect data. The quantitative instruments allowed the
researchers examine the effect of the game on a large number of students and therefore increase the possibility of generalization of the
findings. The interviews helped the researchers cross validate the quantitative results and explore the cause of the game effects.

The study used experimental design described by Campbell and Stanley (1963). Teachers were randomly assigned to treatment and
control groups. This approach was similar to the design of the study conducted by the U.S. Department of Education, Institute of Education
(Dynarski et al., 2007) that examined the effectiveness of reading and mathematics software products.

3.1. Participants

A total of 193 Algebra and Pre-Algebra students and 10 teachers from an urban high school in the southeast of the United States were
participated in the study. The power for subsequent Multivariate Analysis of Covariance (MANCOVA) was .97 (see Table 7); indicating
a sufficient sample for testing the proposed hypotheses and obtaining valid results. Of the 193 participants, 117 participants were in the
treatment group and 76 in the control group. The teachers' demographics are shown is Table 3.

Learning Input
(independent

variables) 

Revised Cyclical  
Experiential Learning Process 

with motivation in the heart of cycle 

Learning outcome 
(dependent variables)

English 
Language Skill 

Prior Math
knowledge 

Computer skill 

Motivation
Achievement Engaging with Math

Class Activities:

Active Experimentation

Game Quiz:

Reflection

Learning

Algebra:

Abstract concepts

Motivation

Game Playing:

Concrete

Fig. 1. The relations among the variables of language background, prior knowledge, computer experience, motivation and achievement with the cyclical learning process of
experiential learning theory extended from a Kolb’s (1984) circular learning.
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The demographics of the 193 research participants on their gender, ethnicity, prior mathematics knowledge, English language skills, and
computer skills are provided in Table 4. The information about gender, ethnicity and computer skill were obtained from the demographic
survey while prior mathematics knowledge and English language skills were obtained from the students' school records.

For the interviews, all five teachers in the treatment group were selected to express their perspectives on the effects of the games on the
students. Stratified sampling was used to select 15 treatment students for interviews. Three students of low achiever, average and high
achiever were selected from each treatment teacher. In stratified sampling, sample is taken from each sub-group of the population. This
strategy is useful when the members of a population are dissimilar and, therefore, measurements of interests vary among sub-groups of the
population. Using this sampling technique helped the researcher select the representative of different students and identify the effect of the
games on the participants with different achievement levels.

3.2. Treatments

The research treatment included using a set of mathematics instructional games called DimensionM" considered as a modern game,
online teaching modules, lesson plans, and resources. Modern computer games are distinguished from the previous game generation in
1980s and 1990s based on their technical and pedagogical aspects (Kebritchi, 2009). The modern games may include (a) advanced three-
dimensional (3-D) graphics and interfaces, (b) multiplayer options, (c) high-speed telecommunication technologies, and (d) learner-
centered approach to facilitate learning (Kebritchi, 2009). DimensionM" games are considered modern games because of their (a) 3-D
interface and learning environment, (b) learner-centered approach that encourage learning through interaction with the environment, and
(c) multiplayer options. The DimensionM" teaches Pre-Algebra and Algebra I by involving players in completing mathematics related
missionswithin a 3-D immersive environment designedwith advanced graphics (see Fig. 2). The games start with brief introductions, which
explain the game story and assign missions for the players within the context of the game story. In addition, the games have a learner-
centered nature in which the players learn the mathematical concepts by accomplishing virtual missions.

The DimensionM" includes (a) single player games of Evolver" in Pre-Algebra and Dimenxian" in Algebra I, and (b) multiplayer games
of Swarm",Meltdown", andObstacle Course" in both Pre-Algebra and Algebra I. In the single player games, players complete their missions
and earn points individually. In themultiplayer games, players play the game and interact with other players in different forms. For example,
in Swarm", a team-based game, players work together to compete against other groups by collecting points when solving mathematics
problems, in Meltdown", a strategy game, individual players compete against each other by gathering points using their calculation and
speed skills, and in Obstacle Course", a strategy game, players of a group compete against each other to complete five major stages with
mathematics related obstacles.

In addition, the treatment teachers were provided with the online teaching modules, lesson plans, and resources to use the games
consistently across the treatment classes. The online teaching modules taught relevant mathematics skills. Lesson plans, which included
guidance in two versions of teacher-directed and inquiry-based approaches, helped the teachers integrate the games into the school
curriculum. Furthermore, a number of resources were provided to help the teachers use the games including (a) correlation of the game
mission objectives to the school district and national standards, (b) practice tests, and (c) quizzes.

3.3. Instruments

Data were collected through quantitative instruments of the motivation surveys and the school district-wide benchmark exams. The
quantitative surveys and tests were answered in Scantrons and they were run through the readers and prepared for data analysis. In
addition, a series of interviews were conducted. The instruments are described below.

Table 3
The demographics of the participated teachers (N " 10).

Demographic Number of Teachers

Gender Male 4
Female 6

Ethnicity Caucasian 4
African American 3
Hispanic 3

Age Gen X (1961e1979) 7
Baby Boomers (1945e1960) 3

Education Bachelors degree 5
Masters degree 5

Experience Over 10 years 5
Over 6 years 4
About 2 years 1

Computer skill Proficient-regular user 7
Awesome-power user 3

Game-playing Not at all 4
Not often 3
About 3e4 time per week 2
Everyday 1
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3.3.1. Demographics survey
Information regarding participants' demographics, including ethnicity, gender, and computer skill was collected through a demographic

survey provided in Appendix A. Information on participants' prior mathematics knowledge and English fluency were determined based on
the participants' school record.

3.3.2. Motivation surveys
Pre and post surveys were used for collecting students' motivation. The survey was developed based on Keller's ARCS Model (1987)

(see Appendix B). This model measures the motivation along four major attributes of Attention, Relevance, Confidence, and Satisfaction
(ARCS). Attention refers to whether students' interest is gained and maintained during educational activities. Relevance refers to whether
a student perceives the activity as a personal need. Confidence refers to whether a student expects to succeed at the activity. Satisfaction
refers to the rewards that the student anticipates from the activity.

The reliability of the Motivation survey has been estimated based on Cronbach's alpha measure for the total scale with 20 items for pretest
a" .87, N" 499, and posttest, a" .86, N" 641. The survey reliability met the requirement of higher than .7 cut-off point suggested by Nunnaly
(1978). The content validity of theMotivation surveywas confirmedby theexpertswhohad adeepunderstandingof Keller's ARCSModel (1987).

3.3.3. Academic achievement tests
Pre and post school district-wide benchmark exams developed by the school district tests were used to collect students' mathematics

achievement.
These district exams covered the mathematics topics included in the DimensionM" game missions. The reliability and validity of the

school district-wide benchmark exams have been determined by the school district. The benchmark test reliabilities weremoderate to good
and for the pretest ranged from .73 (Grade 9) to .82 (Grade 10) and for the posttest ranged from .84 (Grade 9) to .86 (Grade 10) (Princeton
Review, 2008).

Table 4
The demographics of the participated students (N " 193).

Demographic Percent

Gender Male 52.9
Female 47.1

Ethnicity Caucasian 16
African American 5.9
Hispanic 73.4
Other 4.8

Prior mathematics knowledge Very low 33.7
Low 29.7
Intermediate 32.6
High 4.1
Professional 0

English language skill Low 25.6
Intermediate 5.8
High 15.1
Proficient 10.5
Native 43

Computer skill Non-user 3.1
Beginner- just started user 5.2
Novice-infrequent user 14.5
Proficient-regular user 44.6
Awesome-power user 29.5

Fig. 2. Screen shots of DimensionM" games; single player Evolver" on the left and multiplayer Meltdown" on the right."
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3.3.4. Interviews
The interviews were conducted based on predefined open-ended questions provided in Appendix C.

3.4. Procedure

The study was conducted within 18 week school semester from August till January. The teachers were informed about the study and
DimensionM" games in an introductory training held in the preceding summer of the school semester. The teachers, who were interested
in participating in the study, signed the Teacher Informed Consent forms. The participated teachers introduced the study to their students
and requested their parents to sign the provided parent consent forms.

Teachers were randomly assigned to treatment and control groups. Both the treatment and control groups attended Algebra I classes
twice a week. However, in addition to class attention, the treatment group played DimensionM" games for about 30 min each week for
18 weeks from August to January (see Table 5). The games were used as supplement to the class instructions. No additional time was
provided for playing the games. The games were played during the regular class time. When the treatment groups played the games, the
control group spent time on the regular mathematics instructions.

At the beginning of the school semester, three sets of the instruments were used: (a) the demographic survey (O1) to identify the
participants' demographic information, (b) the school district-wide benchmark test (O2) to identify the participants' mathematics academic
achievement level, and (c) the motivation survey to identify the participant's motivation toward mathematics (O3).

Tomeasure the effect of DimensionM" games (X) on themathematics achievement andmotivation of the treatment group and compare
the results with the test results of the control group, the second set of survey and tests (O2, O3), similar to the first set used at the beginning
of the study, were used at end of the semester. The first and second set of the school district-wide benchmark test (O2) measured the same
objectives with different questions. The first and second sets of the motivation survey (O3) were exactly the same. Furthermore, interviews
(O4) were conducted with the teachers and students in the treatment group to gather data about the students' mathematics achievements
and motivation. The interviews were conducted close to the end of the semester.

3.4.1. Data analysis
Data were input into SPSS and statistical tests of MANCOVA were used to test the study hypotheses. To have a statistical control of the

pre-existed difference, MANCOVA with pretest scores as covariates is recommended as a preferable analysis method in an experimental
study (Campbell & Stanley, 1963).

To test the first and second hypotheses about the game effects on achievement and motivation, MANCOVAwere used. The results of the
achievement posttest (shown as School District Test2 in the Results section) and motivation surveys (Motivation2) were used as dependent
variables, while teachingmethod (game use or non-use, shown as Group in the Results section) was considered as independent variable. The
results of achievement and motivation pretests (School District Test1 and Motivation1) conducted at the beginning of the school were
considered as covariates to control the effect of the participants' variance.

As discussed in the Conceptual Framework section, a number of studies used the individual differences of computer skills, prior
mathematics knowledge, and language backgrounds as independent variables that influenced the game effectiveness. Computer skills was
considered as an independent variable by three studies (i.e., Ke & Grabowski, 2007; Lopez-Morteo & Lopez, 2007;Moreno, 2002) while prior
mathematics knowledge was considered by Ke and Grabowski (2007) and language background was considered by Moreno (2002) as an
independent variable.

To examine the third hypothesis about the game effects on achievement and motivation of learners with different computer skills,
English language skills, and prior mathematics knowledge, MANCOVAwas used with the following variables. Achievement and motivation
were used as dependent variables (shown as School District Test2 andMotivation2 in the Results section) while teaching method (game use
and non-use; shown as Group); computer skills (Computer Skill), English language skills (English Skill), and prior mathematics knowledge
(Prior Mathematics Knowledge) were used as independent variables. The pretest results of achievement and motivation tests were
considered as covariates (School District Test1, and Motivation1). The significance level for all tests was set at the P < .05 level.

4. Results

The results are presented in two sections of quantitative and interview results.

4.1. Quantitative results

The results are presented based on the research hypotheses. The first sub-section provides the results related to the two primary
hypotheses on participants' mathematics achievement and motivation together because one MANCOVA test was run to test both hypotheses.
In addition, further analysis of the achievement and motivation data is provided as post hoc analysis. The second sub-section presents the
results of the third hypothesis on effects of individual differences (i.e., prior mathematics knowledge, English language skill, and computer
skill) on achievement and motivation of the participants when they played the games.

Table 5
The research design of treatment and control groups with instruments and treatment.

Participants' groups 18 Weeks

Beginning During End

Treatment group R O1O2O3 X O4O2O3
Control group R O1O2O3 O2O3

X " Treatment; O1 " Demographic Survey; O2 " The School District-wide Benchmark Exams; O3 " Motivation Survey; O4 " Interview.
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Table 6 reports the mean and standard deviations of scores on the four primary dependent variables.
It is notable that the school district test difficulty was generally moderate, with district-wide average percent correct ranging from 40

(Grade 9) to 48 (Grade 10) percent for pretest and from 51 (Grade 9) to 55 (Grade 10) for posttest (Princeton Review, 2008). Given the fact
that the school's population were mostly low achievers (63%), the school district means were in normal range, which were slightly lower
than the district averages (treatmentM pretest" 37.64, M posttest" 45.71, control M pretest" 28.26, M posttest" 32, of total 100 percent).

For the MANCOVA tests, the assumptions of homogeneity of the slopes were met. However, the assumption of equality of covariance
among the dependent variables across control and treatment groups were violated because Box's M Test of Equality of Covariance Matrices
that tested equality of covariance matrices of the dependent variables was significant (Box's M " 30.65, F " 5.05, p < .001). Therefore to
report the MANCOVA results, the results of Pillai's Trace test, which is the most robust of the multivariate tests in face of the assumption
violation (Olson, 1976) were used.

4.1.1. Mathematics achievement and motivation
MANCOVA results showed a significant difference on achievement but an insignificant difference on motivation across treatment and

control group. As depicted in Table 7, Pillai's Trace test of .01 was significant, F (2, 186) " 6.48, p < .001, and rejected the hypotheses that
population means on the dependents were the same for control and treatment groups.

The tests of between-subjects effects in MANCOVA indicated significant differences between control versus treatment group scores on
the school district posttest (School District Test2) with F (1, 188)" 6.93, p< .01, controlling the pretest differences. No significant differences
were found between the two group scores on the motivation post-survey (Motivation2) with F (1, 188) " 2.85, p > .05 (see Table 8).

To further examine the achievement and motivation data, two more statistical tests were conducted. First, paired-samples t tests were
conducted to compare the treatment and control gain scores from pretest to posttest on the district benchmark exams. The result indicated
that participants in both treatment and control groups achieved significant gains from the pretest to the posttest, t (116) " #4.87, p < .05,
and t (75) " #2.36, p < .05, respectively. These results suggest that both groups scored significantly higher after attending the school for
18 weeks. However, the treatment group with the mean increase of 8.07 (M pretest " 37.64, M posttest " 45.71, of total score of 100), who
played the games, reported greater gain from pretest to posttest on the benchmark exams than the control group with the mean increase of
3.74 (M pretest " 28.26, M posttest " 32 of total score of 100).

Second, an Analysis of Variance (ANOVA) testwas conducted to examinewhether the participants in the treatment group report different
motivation scores based on the location in which they played the mathematics games. The location was considered as a potential factor
influencing the motivation results, since all other factors including numbers and type of computers and playing time were similar in
different classrooms. In this test, motivation post-survey was used as dependent variable and game-use location was used as an inde-
pendent variable with six levels. The control groups were categorized as zero and the treatment classes were categorized from 1 to 6. The
results indicated that game-use location had a significant effect on the motivation scores, F (5,187) " 2.98, p < .05. Table 9 shows that the
students who played the games in both classes and computer lab had significantly higher motivation scores than the students who played
the games only in the school lab or did not play the games.

4.1.2. Individual differences
TheMANCOVA indicated no significant differences on achievement andmotivation of the control group versus the treatment groupwith

different prior mathematics knowledge, computer skills, and English language skills. As depicted in Table 10, the Pillai's Trace of .05 is not
significant, F (2, 94) " 1.49, p > .05, and failed to reject the hypothesis that population means on the dependent variables were the same for
control and treatment groups. In addition, no significant interaction was found among control and treatment groups, computer skill, prior
mathematics achievement, and English language skill, F (2, 94) " .86, p > .05.

4.2. Interview results

The interview results are presented in the order of the research questions of (a) game effects on participants' mathematics achievement
and motivation and (b) effects of individual differences (i.e., prior mathematics knowledge, English language skill, and computer skill) on
achievement and motivation of the participants when they played the games.

4.2.1. Interviews on mathematics achievement and motivation
The teachers believed that the mathematics games had positive effects on students' mathematics achievement and mathematics class

motivation.
The teachers suggested the following reasons as primary causes of positive game effects:

$ The games were alternative way of teaching and a positive change that took the students away from pencils and paper and engaged
them in mathematics activities. One of the teachers stated, “This is definitely the way that we have to go to teach mathematics in the
future.”

Table 6
The mean and standard deviation of six dependent variables (N " 193).

Variable Total score Mean Std. deviation

Control (n " 76) Treatment (n " 117) Control (n " 76) Treatment (n " 117)

Motivation1 (pretest) 100 (percent) 67.99 70.58 13.11 13.48
Motivation2 (posttest) 100 (percent) 68.53 68.20 11.38 13.17
School district Test1 (pretest) 100 (percent) 28.26 37.64 12.09 14.30
School district Test2 (posttest) 100 (percent) 32.00 45.71 13.65 17.55
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$ The games had an experiential nature which allowed the students interact with familiar environments in the games and construct their
mathematics concepts through completing game missions.

$ The games made students more interested in learning mathematics. When students played the game, they wanted to learn more and
pay more attention because they liked to pass the game missions. One of the teachers stated: “It (the games) makes themwant to learn
math.”

$ The games changed students' state of mind about mathematics. The students became aware of the relationship between mathematics
and real life and their mathematics phobia was diminished.

$ The games made the mathematics concepts stay longer with the students as they used the concepts in game playing.

The students believed that the mathematics games had positive effects on their math achievement andmotivation. All of the 15 students
reported somewhat positive to very positive impact of the games on their achievement and motivation. Majority of the students (14 of 15)
stated that they preferred playing multiplayer games of Swarm",Meltdown", and Obstacle Course" as compared to single player games of
Evolver". In addition,13 of 15 students reported that theyweremore interested in playing the games than doing other school activities such
as homework, assignments, and worksheets.

The interviewed students reported that they liked playing the games because:

$ The games took them out of class, changed their mood, and were entertaining.
$ The adventure and exploration aspect of the games made them interesting.
$ The challenging aspect of the games was interesting.
$ The combination of shooting, solving problems, and learning mathematics in the games made them very attractive.
$ The way that games combined fun and learning mathematics was interesting.
$ The games showed students different way of learning mathematics.

4.2.2. Interviews on individual differences
The results of interviews indicated that both teachers and students had a consistent view on the impact of students' mathematics prior

knowledge, but inconsistent perspectives on the impacts of computer skills and English language skills on students' mathematics
achievement and motivation when they played the games.

Majority of the interviewed teachers (4 of 5) reported that students' prior mathematics knowledge and English language skill had some
to great positive effect on students' achievement and motivation when they played the games, while less than half of the teachers (2 of 5)
suggested a positive effect of students' computer skills on their mathematics achievements and motivations.

Thirteen of fifteen students believed prior mathematics knowledge played some to great role on achievement, 10 of 15 reported
computer skill had some to great impact on achievement and motivation, while only 5 of 15 suggested English language skill had some to
great impact on their achievement and motivation.

The teachers' further explanations on their interviews revealed that they helped students who did not have required levels of prior
mathematics knowledge, English language skills, and computer skills to gain the skills and play the games. Therefore, such differenceswere not
detected in the achievement and motivation tests taken at the end of the 18-weeks semester because by the time the students took the tests
they had already overcome their difficulties and gained required skills to play the games. Thus, it can be concluded that the prior mathematics
knowledge, English language skills, and computer skills played a temporary role on the student achievement andmotivationwhen they played
the games. The effect of these individual differences decreased and eventually disappeared as the players gained required game-playing skills.

5. Discussion and conclusions

The purpose of this study was to examine the effects of a series of modern mathematics computer games, DimensionM", on mathematics
achievement and motivation of high school students. In addition, the role of prior mathematics knowledge, computer skills, and English
language skills of the participants on their mathematics achievement andmotivationwhen they played the gameswere investigated. The total
of 193 and 10 teachers from an urban high school in the southeast of the United States of America were participated in this study. The
MANCOVA tests were conducted to analyze the data. In addition, interviews were conducted to cross validate the quantitative results.

The DimensionM" games had a significant positive effect on students' mathematics achievement in the public high school setting.
Students who played the mathematics computer games scored significantly higher on the district-wide math benchmark exam than students
who did not play the games. It is notable that both control and treatment groups gained score from the pretest to posttest on the district
benchmark exams after attending the school for 18 weeks. However, the treatment group who played the games, reported greater gain.

Table 7
The multivariate analysis of covariance for achievement and motivation of control and treatment group.

Effect Pillai's trace value F Hypothesis df Error df h2 Observed Powera p

Group .095 6.484 2.000 186.000 .095 .97 < .001

a Computed using alpha " .05.

Table 8
Results of the tests of between-subjects effects for achievement and motivation.

Source Dependent Variable df F h2 Observed Powera p

Group Motivation2 (posttest) 1 2.845 .015 .389 .093
School District Test2 (posttest) 1 6.928 .036 .745 .009*

*Significant at .05 level.
a Computed using alpha " .05.
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Teachers and students' interviews support the quantitative findings. Themajority of the interviewed teachers and students reported that
the participants' mathematics understandings and skills improved as a result of playing the mathematics games. According to the teachers,
the games were effective teaching and learning tools because they (a) had an experiential nature, (b) offered an alternative way of teaching
and learning, (c) gave the students reasons to learn mathematics to solve the game problems and progress in the games, (d) diminished
students' mathematics phobia, and (e) increased time on task. According to the students, the games were effective because they
(a) combined learning and fun, (b) offered mathematics in adventurous and exploratory context, and (c) challenged students to learn
mathematics. In addition, majority of the students stated that they preferred playing multiplayer versus single player games. Thus,
collaborative nature of the games made the games more attractive for students to play.

The positive results are consistent with the prior empirical research on the effects of math games, including those reported by Klawe
(1998), Ke and Grabowski (2007), Moreno (2002), Rosas et al. (2003), and Sedighian and Sedighian (1996), suggesting that computer math
games may improve mathematics achievement. The results also support findings from two meta-analysis, including: (a) Vogel et al. (2006)
who based on the review of 32 empirical studies concluded that interactive simulations and games were more effective than traditional
classroom instruction on learners' cognitive gains, and (b) Dempsey, Rasmussen, and Lucassen (1994) who based on the review of 94
empirical studies concluded that students who played math computer games and attended the traditional classroom instruction achieved
higher mathematics score than students who only attended traditional classrooms.

In addition, the positive achievement results partially support the learning effectiveness of the experiential nature of the treatment activities
which can be related to the experiential learning theory developed by Dewey (1938), and elaborated by Kolb (1984). Although themathematics
games did not provide authentic mathematics problems, issues and experiences as required by experiential theory, they did provide hands-on
activities and simulatedmissions that engaged students in learning bydoing and experiencing. Thus, the participants' score improvement could
be attributed to the effectiveness of learning through interactingwith the gamemissions. Further investigationmay better test the effectiveness
of the experiential theory with a game that is closely designed based on the experiential theory and Kolb's (1984) learning cycle.

The DimensionM" gamesmay have positive effects on students' motivation towardmath class. Although no significant differences were
found in students' mathematics motivation between students who played and did not play the games, the overall findings are attributed to
the fact that students may have disassociated game play from their math class. Such conclusion was made for two reasons. First, students
who played the games in class and in the computer lab reported significantly higher levels of motivation than students who played the
games only in the school lab or did not play the game. Second, the teachers and students reported in their interviews that the games
improved the participants' motivation toward mathematics.

In addition, a plausible explanation for the non-significant motivation results is the presence of Hawthorn's effect, which has also been
observed by a previous experimental study conducted by Rosas et al. (2003). It can be concluded that the control group teachers in this study
tried to make their students more interested in mathematics as they were aware of the experiment, therefore, no significant difference
between motivation of treatment versus control group were found in the motivation survey. Another potential explanation is that although
themotivation survey was designed based on the ARCSmotivation model (Keller, 1987), the mathematics games used in this study were not
designed based on the ARCS model to systematically address the four components of attention, relevance, confidence, and satisfaction.

Themotivation interview results provide some additional evidence to support findings by Klawe (1998), Lopez-Morteo and Lopez (2007),
Rosas et al. (2003), and Sedighian and Sedighian (1996), who found game-play may have a positive effect on math students' motivation.
However, with non-significant overall findings, further empirical research is necessary to delineate the effects of DimensionM" games on
students' math motivation in public school settings.

The findings indicated that prior mathematics knowledge, computer skills, and English language skills did not play a significant role in
achievement and motivation of the participants who played the games. However, the teachers' interviews revealed that these individual
differences had indeed played significant roles in game-playing at the beginning of using the games but the impacts seemed to gradually
diminish as the students gained the required skills. Evidently, the teachers' help and support is vital in using the games effectively in
a population with different prior mathematics knowledge, computer skills, and English language skills.

The current study contributes further insights on the existing literature of the computer game effectiveness as it differs from the previous
studies with regards to the type of game used as treatment, the research method and design, and the students' level. Of the 16 previously
discussed studies, the results of five studies (Din & Calao, 2000; Ke & Grabowski, 2007; Moreno, 2002; Laffey et al., 2003; Rosas et al., 2003),
which used mathematics games with experimental design in formal school settings, are comparable with the results of the current study.
However, this study tested the effects of a series ofmodern computer games, asdescribed in the Treatment section,with3-Dgraphics, single and

Table 10
The multivariate analysis of covariance for achievement and motivation of control and treatment groups when interacting with computer skill, mathematics achievement, and
English language skill.

Effect Pillai's Trace Value F Hypothesis df Error df h2 Observed Powera p

Group .045 1.490 2.000 94.000 .045 .382 .222
Group % Computer skill % Prior mathematics Knowledge % English skill .027 .858 2.000 94.000 .027 .23 .466

a Computed using alpha " .05.

Table 9
The descriptive statistics on motivation post-survey (Motivation2).

Game use location Mean Std. Deviation n

No use- control group (5 classes) 68.53 11.38 76
Lab only- treatment class 1 62.53 11.60 30
Lab only- treatment class 2 68.33 10.91 6
Lab only- treatment class 3 68.25 10.73 16
Lab only- treatment class 4 68.36 13.13 44
Lab and class- treatment class 5 75.86 14.64 21
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multiple players, and mission-based, strategy approaches. While the five previous empirical studies used single player games with basic 2-D
graphic. In addition, the present study used interviewdata to cross validate the results of quantitative tests. Rosas et al. (2003) used quantitative
tests with observation while other studies used only quantitative tests. The findings of this study indicated that a combination of quantitative
exams and interviews provided invaluable insights on the effects of the games that could not have been discovered only through quantitative
tests. Finally, the present study focused on effects of the games on a group of high school students. A high school populationwas not previously
used in the discussed experimental studies in the context of formal school settings. Ke andGrabowski (2007) focused onmiddle school students
while the other studies (Din & Calao, 2000; Laffey et al., 2003; Moreno, 2002; Rosas et al., 2003) examined elementary students.

This study sheds light on effectiveness of a series of 3-D single and multiple player mathematics computer games on an urban high school
students whoweremostly Hispanic (73%), low achievers (63%), fluent in English (68%), and proficient in computer skill (64%). Generalization of
the results is limited to the situations with similar games and population. The learning effectiveness of educational computer games has been
subject of discussion and debate by a number of scholars (Hays, 2005; Mitchell & Savill-Smith, 2004; Randel et al., 1992). The results of the
current study help educators and instructional designers to reach a better conclusion on the effectiveness of educational computer games.

To further explore the effect ofmathematics computer games on student learning andmotivation, the following issues shouldbe considered.
First, it is helpful to examine the effects of the sameor similar gamesused in this studywithdifferent population. Second, variousfindings for the
effectiveness of the games in this study, justify further investigation to better identify the cause of the game effects on achievement and
motivation. Third, the mixed results on motivation in this study necessitate further investigation on effects of the games on motivation. To
ensure achieving reliable results (a) both computer games andmotivation survey should be designed based on the samemotivation theory, (b)
the games should be integrated into classroom activities, and (c) external control group should be used to control Hawthorn's effects. Fourth,
a possible future study can be conducted in frequent stages of playing the computer games to test the trend of impact of the individual
differences of prior knowledge, computer skill, and English language skill on participants' achievement and motivation.
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