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Abstract: Large-scale online design experiments (A/B testing, multivariate testing, 
etc.) are increasingly important for online gaming sites that seek to optimize game 
mechanics, but for most developers the ability to collect data and run experiments 
requires custom experimentation and data logging systems. We present an approach 
that combines a novel digital number line game and a free game portal popular 
among teachers and students to allow multiple experiments to be executed 
simultaneously. A pilot study conducted over six months resulted in the collection of 
millions of data points representing hundreds of thousands of participants in dozens 
of experimental conditions. These results indicate that this approach can be 
successfully implemented at a large-scale. Furthermore, analysis of player logfile 
data revealed insights into learning and game play that can inform the next round of 
experiments creating a continuous feedback loop. Finally, limitations of the study as 
well as future work are discussed. 

Introduction 
Games for learning are a hot area for research and funding, but it is often unclear what learning is 
taking place. To what extent can learning be measured during gameplay? One approach is to collect 
log file data and analyze it using pre-determined engagement and learning metrics. Once that has 
been established, it then becomes possible to conduct multivariate tuning to optimize learning and 
engagement. However, performing online A/B experiments in the lab or classroom do not involve 
numbers of subjects that could sufficiently power comparison studies that may involve upwards of 20 
conditions. In this paper, we describe our method of wide-scale online experimentation, using a 
popular online educational game portal among schools called BrainPOP's GameUp™ as an integral 
part of our experimental framework to optimize specific design features in a novel digital math 
fractions game. We also report on our implementation of an online “design experiment,” comprising 
dozens of conditions, hundreds of thousands of participants and over a million unique trials. Finally, 
we briefly discuss the limitations of such experiments and how insights made at this level can then be 
used to inform smaller scale lab or school level experiments to validate the results. 

Background and Related Work 
While the preschool and kindergarten years are a crucial time to help children develop a conceptual 
foundation for whole number sense (Baroody, Bajwa, & Eiland, 2009; Griffin, 2004), the ability to 
approximate magnitudes of complex numbers, such as fractions and decimals, becomes important 
starting in the 3rd grade (Common Core State Standards Initiative, 2011). Results from both national 
assessments and smaller-scale studies indicate that demonstrating good “fraction sense” is an 
important foundational skill that is lacking in many students. The 2004 National Assessment of 
Educational Progress assessment indicated that only half of 8th-graders were able to correctly order 
three fractions from least to greatest (NCTM, 2007). Furthermore, when presented with the problem 
“What is the best estimate of 12/13 + 7/8?” the majority of a nationally representative sample of U.S. 
eighth graders chose 19 and 21 rather than 2 (Carpenter, Corbitt, Kepner, Lindquist, & Reys, 1981). 
Difficulties in dealing with fractions have led the National Mathematics Advisory Panel (2008) to 
conclude “The most important foundational skill not presently developed appears to be proficiency 
with fractions (including decimals, percent, and negative fractions). The teaching of fractions must be 
acknowledged as critically important and improved before an increase in student achievement in 
algebra can be expected” (p. 18).   
  
In 2010, responding to numerous studies describing the challenges faced by American students in 
fractions learning, the Institute for Education Sciences released a practice guide that strongly 
advocated for the use of number lines for improving students’ understanding of fractions (Siegler et 
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al., 2010). Number lines are a common instructional tool in Asian countries (Ma, 1999; Moseley, 
Okamoto, & Ishida, 2007; Watanabe, 2006). They may also be used as assessment tools for 
measuring number sense. Notably, recent work by Siegler, Thompson, and Schneider (2011) shows 
that the accuracy of number line estimation with fractions correlates with standardized test scores in 
6-8th grade. This finding extends prior research on number line estimation with decimals (Schneider, 
Grabner, & Paetsch, 2009) and whole numbers (Booth & Siegler, 2008), which found that accuracy 
predicted standardized test scores in grades K-5. 
 
Given the strong relationship between number line estimation accuracy and math achievement, it is 
interesting to consider whether or not a computer-based number line game may help improve math 
understanding. Such games have been used to investigate motivational features of learning 
environments (Malone, 1981) and to improve conceptual knowledge of fractions (Dugdale & Kibbey, 
1975; Math Snacks, 2010). In one study by Rittle-Johnson, Siegler and Alibali (2001), a simple digital 
game called Catch the Monster provided practice in estimating the location of decimals on a number 
line. The authors found that improving number line estimation accuracy transferred to other 
conceptual skills, such as the ability to compare the magnitudes of different decimal values. Also, 
providing an engaging way for students to identify the location of fractional magnitudes on a number 
line should help clarify the relationship between fractions and whole numbers. In the next section, we 
describe a computer game that was developed to support number line estimation accuracy. 

Battleship Numberline 
Battleship Numberline (BSNL) is a Flash-based number line game designed to help students develop 
an accurate and integrated understanding of “number sense,” which is defined as “the ability to 
approximate numerical magnitudes” (Booth & Siegler, 2006). A screen shot of BSNL can be seen in 
Figure 1. 
 

 
 

Figure 1: Battleship Numberline in Ship mode where players type in a fraction to estimate the 
ship’s position on the numberline. 

 
In BSNL, players make estimates about the location of “enemy” ships or submarines by deducing 
their locations on a number line. There are two main modes: Ship mode and Submarine mode. In 
Ship mode, players type a number to estimate the position of the ship on a number line. In Submarine 
mode, players are presented with a number that indicates the location of a hidden submarine, and the 
player needs to click on the location of the number line that they believe corresponds to the number. 
While BSNL offers number line practice in several domains—whole numbers, domains, fractions, and 
units of measurement—in this paper, we focus on experiments conducted with players accessing the 
fractions level of BSNL.  

Experiments 
By teaming up with BrainPOP and their new GameUp web portal (www.brainpop.com/games), we 
have been able to collect data from over 1,000 players per day. BrainPOP, founded in 1999, creates 
animated, curriculum-based content that engages students, supports educators, and bolsters 
achievement. The GameUp portal, a free resource that showcases top online educational game titles 
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and offers materials to facilitate the effective use of games in the classroom, currently features over 
four dozen games and has attracted an average of 1.3 million unique pageviews/month during the 
school year. BSNL was originally linked into the GameUp portal in July 2011 and we have been 
collecting data since that time. Figure 2 shows the distribution of 377,772 page views for BSNL that 
were collected via the portal from July 2011 until the end of January 2012. While large-scale online 
experiments have been done on game portals such as Kongregate (Andersen, Liu, Snider, Szeto, & 
Popović, 2011), using a game portal that is popular in schools produces a different type of 
experimental population: students using mini-games in a classroom setting. This graph clearly shows 
the cyclical nature of students accessing the game during the school week with lulls every weekend 
represented by the dips in the graph. Also, we note the big jump that occurred on August 13th when 
BSNL was the featured game on the GameUp site and the huge drop off over the holiday break in 
December 2011. 

  

Figure 2: Page View data of BSNL from BrainPOP for July 2011 through January 2012 
 
In Figure 3, the 51,140 page views for January 2012 are show in more detail. Although we have 
limited data on who is actually playing the game, the graph clearly shows the drop off each weekend 
which again bolsters the claim that most of the game use is taking place during the school day. 
Looking a bit deeper into the log data we see that these page views translate into almost 100,000 
rounds of the game played and 986,089 individual problem attempts. Collecting this amount of data 
from the classroom in a single month using a traditional experimental design would have been 
impossible. 

 
 

Figure 3: BSNL page views over January 2012. 

Game Design “Super Experiments” 
Our activities are informed by the Super Experiment Framework, which involves conducting 
experiments at various scales—Internet, lab, and school—with each component providing findings 
that may be used to answer specific questions that might have been difficult or impossible to answer 
using one of the other scales (Stamper, Lomas, Ching, Ritter, Koedinger, & Steinhart, 2012). Various 
components can be used to expand or validate findings of the other components. For example, 
Internet-scale experiments can identify areas of focus for lab-scale experiments, which can then be 
validated in school-scale experiments.  
 
While a traditional classroom or laboratory experiment may involve dozens or even hundreds of 
subjects, online game research can involve thousands or even hundreds of thousands of subjects. 
This increased scale creates the opportunity to design a large number of experimental conditions. 
Large factorial design experiments offer a simple and straightforward mechanism for producing useful 
experiments. Rather than randomly assigning players to a specific experimental condition, as is the 
norm for quantitative research studies, we simply randomize the presentation of various design 
factors. Given that a design factor has been randomly assigned to players, we are able to statistically 
infer the effect of this factor on player engagement and learning.   In order to systematically measure 
learning and engagement, we implement various design factors as flexible XML-based parameters 
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that can be determined at game runtime. An intuitive editor allows us to create specific instructional 
units by modifying XML game parameters, which include end points, time limit, percent accuracy 
required for success, items to be tested, and the order (randomized or non-randomized) in which 
these items will be presented (Figure 4). Overall, the level builder allows for the creation of specifically 
tailored intervention units. 
 

 
 

Figure 4: XML Level Editor for BSNL 
 

Analysis of Experiments 
From March 26, 2012 to April 26, 2012, we conducted an online experiment on GameUp involving 6 
different design factors, each with 2-10 different factor levels. This resulted in 121,500 unique 
experimental conditions. However, because we were primarily interested in the 2- and 3-way 
interactions between the different design factors, ~50,000 game players (as subjects) were more than 
sufficient for analysis.  
 

Design 
Factor 

Number of 
Factor Levels 

Example Factor Level Description 

Game Mode:  2 Ship Ship mode (typing a number to 
correspond to the visible position of the 
ship) or Submarine mode (clicking on the 
line to estimate the location of a hidden 
submarine, in response to a number 
presented) 

Endpoints:  3 0-1 The numbers displayed on the endpoint 
flags in figure 1 

Item set:  10 3/8, 3/7, 4/5, 2/5, 3/10, 
7/8, 1/6, 9/10, 7/10, 1/5, 
1/3, 1/8, 1/2, 5/8, 5/6, 
1/10, 3/4, 3/5, 2/3, 1/4 

The numbers (or locations, in ship mode) 
presented in each level. Can be in 
fraction, decimal or whole number form.  

Time limit:  9 10 The number of seconds permitted before 
time runs out. 

Error 
Tolerance:  

9 5% This determines the size of the ship, 
where a 5% error tolerance makes the 
ship 10% of the line. A bigger ship is 
easier to hit with an inaccurate estimate. 

Tickmarks:  5 none Tick marks can be shown at the midpoint 
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or at 3rds, 4ths, 5ths, 10ths of the line. 

Item 
Sequencing:  

5 Random without 
replacement 

This includes random order, ordered as 
listed, or a series of different adaptive 
sequencing algorithms, such as Bayesian 
Knowledge Tracing (Lomas et al 2012) 

 
Table 3: Design factors deployed in the March 26, 2012 super experiment 

 
A primary goal of our research has been to elucidate the underlying factors behind creating effective 
educational games that are intrinsically motivating to play. We are currently using three metrics to 
measure in-game learning: changes in embedded pre-test to post-test scores, changes in early-game 
to late-game performance, and the learning curve documented by performance over opportunities to 
demonstrate mastery of a certain schema or knowledge component (Baker, Habgood, Ainsworth, & 
Corbett, 2007). We operationally define player engagement primarily in terms of the amount of time 
spent playing a game, final level achieved, and the number of items attempted (Lomas & Harpstead, 
2012).  
 
During gameplay, BSNL log file data system records player performance (reaction time, success rate 
and percent absolute error, defined as the absolute value of the actual location of the ship minus the 
player’s estimated location, divided by the length of the number line) at each opportunity against the 
game’s pre-specified task characteristics. With either of these performance measures, we can then 
plot learning curves over the course of play. Learning curves are typically logarithmic, where early 
practice opportunities produce much more improvement than subsequence practice opportunities.  
 

 
 

Figure 5: Learning curves for ship mode (where players are given a location and type a 
corresponding fraction) versus sub mode (where players are given a fraction and click a 
corresponding location). Endpoint 1 is from 0-1 while endpoint 2 is from 0-2. Data was 

collected as part of the March 26, 2012 super experiment; the above data included only players 
in the fraction domain who played over 30 items in total. 

 
Many small experiments take place within a single super experiment.  For instance, we can 
investigate the main effects of error tolerance on player engagement. Error tolerance within BSNL 
refers to the size of the ship on the number line. In Figure 5, the ship has an error tolerance of 5%, 
where any estimate that is within 5% will register as a “perfect hit” (as opposed to a “partial hit” or 
“miss). A bigger ship has a bigger error tolerance, and is therefore easier to hit with an inaccurate 
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estimate. In the March 26 super experiment, we randomized the size of the ship at 9 different levels 
(2%, 3%, 4%, 5%, 8%, 10%, 12%, 15%, and 20%). At 20% error tolerance, the ship was very large: 
almost 40% of the number line! While making the game easier has a significant effect on engagement 
(length of play), the effect diminishes and even eventually appears to reverse. This results in an 
inverted U-shaped curve reflects dominant theories of game enjoyment (Koster, 2005), which hold 
that players prefer a balanced challenge.  

Implications for Design 
A simple heuristic can guide game designers who wish to measure learning within a game: repeat 
and randomize. Repetition of items or levels allows for a within subject comparison over multiple 
opportunities. Randomization allows for a between subject comparison, where analysts can consider 
whether the randomized design factor had a significant effect on learning (in comparison between 
subjects that received a given design factor level and those that did not). Regardless of one’s 
understanding of statistics, game designers can typically produce games that allow for learning 
measurement if they remember: “Repeat and Randomize.” 
 
Games can generate enormous amounts of data.  Rather than collecting data at every change in 
state of the game, learning game designers may find it useful to limit data collection to each 
opportunity to succeed or fail at a challenge presented. 

Conclusions and Future Work 
Our findings to date demonstrate that significant differences in player performance, learning, and 
engagement occur due to differing game configurations. This strongly suggests that we can 
systematically improve the quality of our games based on user-generated data. Technology has 
presented us with new options for deploying and collecting massive amounts of data using the 
Internet and popular game portals such as BrainPOP’s GameUp. The main contribution of this paper 
is to show how, with proper design, educational games can be deployed at Internet scale to collect 
abundant amounts of data addressing multiple experiments in a very short amount of time. 
 
The primary limitation of this internet-scale research is the ambiguity of the user base since the 
experiments are conducted anonymously. To address this problem we are currently conducting lab 
and controlled classroom experiments in conjunction with the web based experiments in order to test 
how well the online experiments correlate with lab experiments and controlled classroom 
experiments. We plan to report our activities at the various scales, as they pertain to the goal of 
identifying and accumulating empirical evidence for fractions estimation learning in BSNL. 
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