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Abstract 

A large-scale randomized controlled trial tested the effects of researcher-developed 
learning games on a transfer measure of fractions knowledge. The measure contained 
items similar to standardized assessments. Thirty treatment and 29 control classrooms 
(~1500 students, 9 districts, 26 schools) participated in the study. Students in treatment 
classrooms played fractions games and students in the control classrooms played solving 
equations games. Multilevel multidimensional item response theory modeling of the 
outcome measure produced scaled scores that were more sensitive to the instructional 
treatment than standard measurement approaches. Hierarchical linear modeling of the 
scaled scores showed that the treatment condition performed significantly higher on the 
outcome measure than the control condition. The effect (d = 0.58) was medium to large 
(Cohen, 1992). 

Introduction 

Funded by the Institute of Education Sciences, UCLA/CRESST established the Center 
for Advanced Technology in Schools (CATS) in fall 2008. The primary goal of CATS is to 
develop and evaluate the effectiveness of computer-based games aimed at improving 
students’ knowledge of pre-algebra topics. 

The allure of using computer games for learning purposes lies in the potential for 
games to support multiple learning outcomes while focusing, increasing, and maintaining 
learners’ engagement in the relevant tasks. Well-designed games will be able to address key 
elements understood to influence learning and performance. These include (a) focusing 
learners’ attention on the game (and thus content) for extended periods of time, 
(b) accommodating complex and diverse approaches to learning processes and outcomes, 
(c) embedding high interactivity, (d) providing appropriate feedback, (e) creating a sense of 
enjoyment and intense engagement (“flow” or “presence”), (f) requiring problem-solving 
skills, (g) providing scaffolding and adaptive challenge, (h) creating contextual learning 
outcomes, and (i) potentially influencing learners’ self-efficacy and other affective constructs 
(e.g., de Freitas, 2006; Kirriemuir & McFarlane, 2003; Mayer, 2011; O’Neil, Wainess, & 
Baker, 2005; Squire, 2011; Tobias, Fletcher, Bediou, Wind, & Chen, 2014; Tobias, Fletcher, 
Dai, & Wind, 2011; Tobias, Fletcher, & Wind, 2014; Young et al., 2012).  
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There is growing empirical evidence that games can be effective in academic settings 
(Tobias, Fletcher, Bediou, et al., 2014; Tobias, Fletcher, & Wind, 2014). Educators and 
trainers have recognized the potential of individualized feedback and computer games for 
education and training since the mid-20th century (e.g., Wiener, 1954), with researchers 
exploring various methods to increase student engagement with subject matter using various 
forms of games (e.g., Donchin, 1989; Malone, 1981; Malone & Lepper, 1987; Ramsberger, 
Hopwood, Hargan, & Underhill, 1983; Ruben, 1999; Thomas & Macredie, 1994). A renewed 
interest and optimism have emerged around games for learning, particularly games that 
incorporate interactive multimedia afforded by rapid developments in technology (e.g., 
Dickey, 2005; Gee, 2003, 2004; Kafai, 2006; Kafai, Franke, Ching, & Shih, 1998; Klopfer & 
Squire, 2004; O’Neil & Perez, 2008). 

Because of the importance of algebra and the high rates of poor performance in algebra, 
we focused on foundational pre-algebra concepts. Success in algebra is predicated on 
students developing foundational math concepts and skills. The National Mathematics 
Advisory Panel (NMAP, 2008) defined the Critical Foundations of Algebra as (a) fluency 
with whole numbers, (b) fluency with fractions, and (c) particular aspects of geometry and 
measurement. One of the clearest findings of the NMAP report is that students entering 
algebra are often underprepared. In their national sample of Algebra 1 teachers, NMAP 
reported that rational numbers was one of the areas that teachers reported their students being 
poorly prepared in. 

Thus, CATS focused on instantiating foundational pre-algebra concepts in games and 
carried out the development and testing of those games, culminating in a large-scale multi-
site cluster randomized controlled trial (RCT). The overarching research question for the 
RCT was: Does playing CATS-developed rational numbers games result in more learning of 
rational numbers concepts compared to playing a control set of games? 

Method 

Game set. Eight games were developed for this study through the process of 
knowledge specification, software design and testing, teacher professional development, and 
assessment development. A central component of the development process was establishing 
knowledge specifications. The purpose for developing knowledge specifications was to 
provide a standardized operationalization of the domain definition of the mathematical 
knowledge that the game, assessment, and professional development were to be designed 
around. Two sets of knowledge specifications were developed: rational numbers/fractions, 
and solving equations. The knowledge specifications served as the design framework for the 
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games. Four games covered fractions concepts (number line concepts, fraction addition, 
relationships among whole numbers and fractions using multiplication and division, direct 
variation) and four games covered solving equations concepts (integer operations, 
expressions, solving equations—conceptual, solving equations—procedural). The four 
fractions games were Wiki Jones, Save Patch, Tlaloc’s Book, and Rosie’s Rates, and the four 
solving equations games were Monster Line, Expresso, Zooples in Space, and AlgebRock. 
Table 1 shows the set of games for the treatment and control conditions. As presented in 
Table 1, the fractions games were implemented as treatment condition games, and the 
solving equations games served as control condition games. A full description of each game 
is given in CATS (2012). 

Table 1 

CATS-Developed Games by Condition 

Game Topics 

Treatment condition games 
(fractions) 

 

Wiki Jones Whole unit, numerator, denominator, and identifying fractions in the context 
of a number line. 

Save Patch Addition of fractions, identification of units and fractional pieces. 

Tlaloc’s Book Multiplicative inverse operations involving whole units and fractional units. 

Rosie’s Rates Direct variation (slope) involving relating changes in x values to changes in y 
values. 

Control condition games 
(solving equations) 

 

Monster Line Addition, subtraction, multiplication, and division of positive and negative 
integers. 

Expresso Manipulation of expressions involving positive or negative whole numbers 
and variables, and grouping. 

Zooples in Space Concept of equality and the use of additive inverse operations. 

AlgebRock Solving one- and two-step equations. 

 

Design and sample. A cluster randomized trial (CRT) design was used where 
individuals were nested within classrooms. Sixty-two teachers were originally recruited to 
participate in the study. Two teachers from the same school withdrew because of technology 
issues and one teacher from another school withdrew because that teacher could not schedule 
sufficient computer lab time to complete the study. No other teachers withdrew from the 
study. 
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Twenty-four schools participated in this study, but one school was excluded from the 
analysis because the intervention could not be on the (obsolete) computers in that school. 

Classrooms were randomly assigned within each school to the treatment and control 
conditions. Among the remaining 23 schools, 14 schools had both control and treatment 
conditions implemented, while the remaining 9 schools had either only treatment condition 
(6 schools) or only control condition (3 schools) classrooms. Note, however, that all the 
participating schools administered both the pretest and the posttest measure of fractions 
knowledge. The pretest and posttest measures largely overlap, that is, the vast majority of 
items were repeated with just a few variant items. 

Classrooms were sampled from sixth grade math classes. Of the total sample, 50% of 
the student sample were female, 49% Hispanic/Latino/a, 24% White, 11% multiracial, 5% 
Black or African American, 4% Asian or Pacific Islander, 2% American Indian or Alaskan 
Native, and 5% of students reported “Other.” 

Measures. The outcome measure of fractions knowledge was developed, tested, and 
refined during the game testing process. Vendlinski, Delacruz, Buschang, Chung, and Baker 
(2010) reported that the outcome measure demonstrated high technical quality. There were 
22 items on the pretest and 23 items on the posttest. The items were systematically developed 
from the knowledge specifications and were similar to items found in typical standardized 
assessments on those topics. Classical discrimination indices were adequate and the items 
were not overly easy or difficult for the target sample (proportion correct ranged from .4 to 
.7). The range of item to total score correlation was from .09 to .85. Classical reliability 
estimates were also moderate (.80).  

Professional development (PD). Prior to using the games in the classroom, teachers 
received PD training on how to integrate the games into their curriculum. This training 
included background information on the research behind the math topics underlying the 
games, the common errors associated with the various concepts, the mathematical concepts 
covered by the games, and the linkage between the game mechanics and the mathematical 
operations. In teacher training sessions, teachers were randomly assigned to a condition prior 
to attending the sessions. Teachers assigned to the treatment condition received training on 
games related to fractions concepts, and teachers in the control condition received training on 
games related to solving equations concepts. To accommodate the availability of teachers, 
the three-hour PD session was split into two sessions of 1.5 hours each, if needed. Some PD 
meetings were conducted during school hours while others were held during after-school 
hours at the district office or at a school site within the district. The first part of the PD 
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session was designed to help teachers understand key conceptual ideas and student 
misconceptions around mathematics concepts in the video games. Teachers discussed general 
“roadblocks” to understanding and then looked at the video game to see how these math 
concepts were addressed in the game. The second part of the PD session focused on having 
teachers play the video games. We had found that many teachers do not play video games; 
therefore the incorporation of video games into the classroom could be intimidating or 
difficult to manage even for a talented math teacher. Because of the low initial comfort level, 
one of our goals was to have teachers play through as much of the video games as possible to 
both give them experience playing the video game and increase their comfort level with 
playing video games. The final part of the PD session focused on helping teachers link the 
video game to their mathematics instruction. Participants discussed their experiences playing 
the game, how these video games could be incorporated into instruction, and how these 
games might benefit students.  

Procedure. The efficacy trial study required 12 instructional days (10 gameplay days 
and 2 testing days). Students were first administered a pretest measure (prior knowledge of 
mathematics, attitudes toward math, and game skill and experience). Students then played 
each game in a prescribed sequence for a set number of periods as shown in Appendix B. In 
general, students played games for at least 40 minutes per period and between two and four 
periods per game. After completing each game, students were administered an immediate 
posttest on content related to the just completed game and a game perception measure. A 
delayed posttest was administered a week after the last gameplay day. 

Teachers also completed measures in the following sequence: Teachers provided 
feedback on the games during the professional development session, completed a background 
measure during the pretest day, kept logs of student activities and problems on each game 
day, and listed the topics covered between the last gameplay day and the posttest. Teachers 
also provided general comments on their study experience after the posttest. 

Results 

Methodology Research Question 

The key research question in this analysis focuses on estimating the game’s treatment 
impact on students’ fractions knowledge learning outcomes. We conducted two different sets 
of analyses. One analysis used the classical measurement approach in which raw summed 
scores of pretest and posttest items were calculated, while the other analysis utilized a 
multilevel two-tier (MTT) item factor model in which a latent gain score was estimated. As 
will be described in detail in the following section, we illustrate how the MTT model 



 
 

6 

addresses four critical aspects of conditional exchangeability that routinely accompany 
analysis of multisite randomized experiments with pre- and posttests.  

In the absence of conditioning on appropriate observed or latent variables in a 
measurement model, the observations of student performance on outcome items or tasks are 
correlated/dependent in four major ways, on top of the dependence of item responses 
themselves: (1) the dependence between the outcome constructs at each occasion due to a 
longitudinal design; (2) the item-level residual dependence due to repeated (pre-post) 
exposure to the same set of measures; (3) the practical implausibility of assuming full 
exchangeability of subjects across treatment and control conditions (see e.g., Lindley & 
Smith, 1972); and finally (4) the obvious dependence of individuals due to their nesting in 
sites. We argue that the traditional summed score approach (using classical test theory) or 
standard “off-the-shelf” Item Response Theory (IRT)-based approaches have assumptions 
that are inconsistent with the conditional exchangeability implied and required by multisite 
randomized experimental studies with repeated measures. In contrast, the MTT model 
embraces conditional exchangeability and specifies model features that appropriately reflect 
the interaction of latent variable measurement models with the experimental design. We 
compare impact estimates obtained from different approaches and explain why MTT 
modeling provides a superior solution to measurement and data analysis issues in multisite 
randomized trials.  

Summed Score Model 

The simplest and most commonly used method for scoring outcome measures is via the 
summed score model (e.g., Curran, Bauer, & Willoughby, 2004; Curran & Bollen, 2001; 
Curran et al., 2008). The ubiquity of this approach stems from the straightforward method of 
scoring and the long history of classical summed score based test theory in the social and 
behavioral sciences. As can be seen in Equation 1 below, the summed score (𝑌!) for person 𝑗 
is calculated by adding the raw item scores, where 𝑦!" represents the observed item scores 
(e.g., 0 or 1 for binary cases; 0, 0.5, or 1 for three partial-credit scoring categories, etc.) on 
item 𝑖. I denotes the total number of items. 

𝑌! =    𝑦!"!
!!!                       (1)  

This simple method, however, has critical disadvantages. Since this method simply 
adds up the item scores with equal weighting, differences in item difficulty, discrimination, 
and/or student guessing (among other psychometric characteristics) are completely ignored. 
Comparability problems arise when the numbers of observed items are different between 
tests or occasions, either by design or due to missing data. Yet another complicating factor is 



 
 

7 

that preassigned item weights (often by fiat, e.g., giving partial-credit scored open-ended 
items more weight than dichotomously scored multiple-choice items) may lead to suboptimal 
reliability in that the total score may in fact be less reliable than component subscores. 
Finally, inferences derived from the summed score distribution are sample-specific and 
dedicated linking/equating studies are required for generalization of the sample-based results 
to other populations. 

Nevertheless, we utilize the summed scoring method to establish baseline results for 
comparison purposes. In our study, the total numbers of items for pretest and posttest are, 
respectively, 22 and 23. Among 22 pretest items, 17 items are dichotomously scored (0 or 1), 
and the remaining 5 items are partial-credit scored: two items to 0, 0.5, or 1; two items to 0, 
0.3, 0.67, or 1; and one item to 0, 0.25, 0.5, 0.75, or 1. Similarly, among 23 posttest items, 17 
items are scored to either 0 or 1; one item to 0, 0.5, or 1; three items to 0, 0.3, 0.67, or 1; and 
two items to 0, 0.25, 0.5, 0.75, or 1. Note that there are 20 common items administered in 
both the pretest and posttest. 

Figure 1 presents descriptive statistics of raw summed pretest and posttest scores for 
control and treatment conditions (see also Table A1 in Appendix A). The dot and the vertical 
bar represent the mean and one standard deviation above and below the mean. The total 
numbers of students for control and treatment conditions used in our analyses are 763 and 
808, respectively. In the control group, there are 709 students who have both pretest and 
posttest scores, 54 students missing posttest, and 36 students missing pretest. In the treatment 
group, there are 759 students who have both pretest and posttest scores, 49 students missing 
posttest, and 33 students missing pretest. The pretest mean score for the control group is 
about 8 and its standard deviation (SD) is approximately 4. Similarly, the pretest mean score 
for the treatment group is 8 and its SD is 4.1. Although random assignment was at the 
classroom level within each school, highly similar overall pretest means across the two 
conditions provide another layer of assurance that the randomization indeed led to balance on 
pre-treatment differences in mathematics knowledge. 

The posttest mean score is higher by approximately 1.5 points for the treatment group 
than for the control group. The observed posttest mean scores are 10.9 for the treatment 
group and 9.5 for the control group. This difference is approximately 0.3 pooled standard 
deviation of posttest. 
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Figure 1. Descriptive statistics of raw total scores of pretest and posttest by 
experimental conditions. 

We also examined the descriptive statistics of raw total pretest and posttest scores by 
schools and experimental conditions. As can be seen in Figure 2, there is some variability in 
pretest mean scores across schools. School 8 has a pretest mean of approximately 4 points, 
while School 9 has a pretest mean close to 13 points. Except for these two schools, most of 
the rest of the schools have similar pretest mean scores. Within-school pretest difference 
between the control and the treatment, which is more important in a randomized trial, is not 
salient. Specifically, the pretest differences between the two groups in most of the schools 
range within a point and half, but three schools (Schools 8, 19, and 23) show differences of 
approximately 2.5 points or higher. 
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Figure 2. Descriptive statistics of raw total scores of pretest and posttest by schools and experimental conditions. 
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As for posttest mean scores, all the schools show higher posttest means than pretest 
means both in control and treatment groups. This positive increase in mean scores is partly 
attributable to the fact that the posttest has one more item than the pretest. However, the 
differences in many schools are larger than one point, and the differences are larger for the 
treatment groups. For example, the difference between pretest mean and posttest mean in the 
treatment group in Schools 1, 4, and 18 is approximately 4 points. Furthermore, the 
differences between posttest mean and pretest mean are larger in the treatment group than in 
the control group for 10 out of 13 schools which have both treatment and control groups. 
These results indicate there may be positive treatment effects across schools. 

Multilevel Two-Tier  Item Factor Model With Latent Change Parameterization 

In item factor models, an item can potentially load on one or more latent dimensions 
(common factors). These common factors may also be potentially correlated, in the tradition 
of Thurston’s (1947) multiple factor analysis. The bifactor model, a confirmatory item factor 
analysis model, has increasingly drawn interest among psychometricians. In a typical bifactor 
model, there is one primary dimension, representing a target construct being measured, and 
there are !  specific dimensions that are also orthogonal conditionally on the general 
dimension, representing residual dependence above and beyond the general dimension. All 
items may load on the general dimension, and at the same time an item may load on at most 
one group-specific dimension. 

Cai (2010b) proposed a two-tier item factor model for single-level data. It is minimally 
a more general version of the bifactor item factor model in which the number of general 
dimensions is not required to be equal to 1 and the correlations among these general 
dimensions may be explicitly represented and modeled. It may also be understood as a more 
general version of the Thurstonian correlated-factors multidimensional Item Response 
Theory (MIRT) model that explicitly includes an additional layer (tier) of random effects to 
account for residual dependence (e.g., due to repeated measures). 

We employed a multilevel extension of the two-tier item factor analysis model as our 
measurement model. In a two-tier model for single-level data, two kinds of latent variables 
are specified, primary and group-specific. This creates a partitioning of the vector of latent 
variables ! !  for individual ! !into two mutually exclusive parts: ! ! ! ! ! ! ! ! ! ! , where ! !  is a 
vector of (potentially correlated) primary latent dimensions and ! !  is a vector of specific 
dimensions that are independent conditional on the primary dimension. All latent variables in 
the model are random effects that vary over the individuals. 


