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Abstract. The present paper illustrates that the game-based implementation of a 
learning task - here to train basic math skills - entails benefits with strings at-
tached. We developed a game for learning math with its core element based on 
the number line estimation task. In this task, participants have to indicate the po-
sition of a target number on a number-line, which is thought to train basic numer-
ical skills. Participants completed both the game on a mobile device and a con-
ventional paper-pencil version of the task. They indicated to have significantly 
more fun using the game-based environment. However, they also made consid-
erably higher estimation errors in the game compared to the paper-pencil version. 
In this case, more fun in a math-learning task was ultimately bought at the ex-
pense of lower reliability, namely lowered accuracy of estimations in the learning 
game. This fun-accuracy trade-off between adding elements for enjoyment and 
clarity of content is discussed together with the consequences for game-design. 
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1 Introduction 

Game-based learning is thought to create, amongst other positive effects, increased mo-
tivation and special situational interest (e.g., for an overview see [1]) in the game and 
therefore in the topic to be learned. There is ample empirical evidence indicating that 
(math) games for learning had positive educational effects in terms of better learning 
outcomes or higher academic achievement [2–10]. While motivation and interest are 
part of the foundations of game-based learning [11] and contribute, amongst others, to 
the beneficial effect of the use of games for learning, we may sometimes turn a blind 
eye to the fact that these benefits may not come without any strings attached.  

 
Trade-offs in game-based learning? The current scenario does not refer to pragmatic 
setbacks like the high costs of developing and implementing a game in educational or 
similar non-profit settings. We rather want to delineate that the gamification or game-
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based setup of a task or educational content can be detrimental in various aspects re-
garding the very subject matter. For instance, the implementation of a storyboard to, 
for instance, create interest, identification or emotional value may be deployed at the 
expense of (learning-)time and energy as well as potentially distracting the player from 
the core topic.  

An illustrative example showed that the implementation of games in education 
seemed to have elicited enjoyment during class as well as for the topic itself, but has 
not necessarily entailed a measurable cognitive advancement regarding the content to 
be conveyed [12]. Pittman used the commercial game Portal 2, which is basically a 
sequence of physics puzzles allowing to create individual experiments to teach physics 
in 11th grade high school. The author repeatedly proclaimed the bilateral enjoyment of 
the lessons, the engagement of students, and the opportunity of such methods to create 
“memorable, teachable experiences”[12]. Nevertheless, inexperience with gameplay, 
mainly regarding the required handling of the first-person navigation, were the biggest 
setback and major obstacle. This in turn led to “unimaginative experiments” and prob-
lems even in simple tasks. Finally, exam results at the end of the year did not reveal 
additional general improvement in learning outcomes traceable to the use of the game.  

In another study, researchers tried to implement the content to be learned in a game 
by tightly coupling a math task with the core game mechanic, namely in-game combat. 
What is called intrinsic integration aims to minimize extrinsically engaging elements 
and rather making them an intrinsically motivating part of the game [13]. However, the 
authors also observed a decline in accuracy due to the implementation/operationaliza-
tion of their task. Nevertheless, compared to an extrinsic counterpart of the game (non-
mathematical combat and math-quiz between levels) and a control condition, students 
who played the intrinsic version achieved the best learning results.  

It is imaginable that the use of a complex, enriched (digital) learning environment 
can also state a negative influence on the content to be learned. Other than through 
handling and interface related obstacles, this seems also feasible through the accumu-
lation of game-elements unrelated to the content and thereby blurring the subject matter 
or diverting player’s attention. In other words, the relationship between (game elements 
used for) motivation/engagement and reliability seems reciprocal and may even be neg-
atively correlated. In this vein, we would have to look for a sweet spot between engage-
ment and reliability. 
 
Game-based math-training. To shed some light on this relationship, the current study 
focused on the outcomes of a math game to objectively assess potential drawbacks of a 
game-based learning situation. Manipulating numbers in general is a necessity to deal 
with everyday life demands. For instance, the decision whether a purchase is still within 
budget or the percentage of savings of a discount requires addition/subtraction, multi-
plication and division and percentages as well as a general understanding of number 
magnitude. Difficulties in understanding and manipulating numbers have negative im-
pacts on school career and can later lead to behavioural as well as societal problems 
like delinquency and in turn have “adverse consequences for cognitive function 
throughout life” [14]. In other words, numerical competences play a significant role in 
successful development.  
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For instance, Whyte and Bull [15] name nonverbal representation and manipulation 
of numbers as core competencies for developing adequate arithmetic abilities. Such 
basic numerical competencies in turn can be assessed by various tasks like enumeration, 
magnitude comparison, estimations, and the positioning of number magnitudes on a 
mental number-line [15]. The latter describes an often used metaphor to describe our 
mental representation of number magnitude according to which number magnitude is 
represented spatially along a number line in an analogue manner with magnitudes in-
creasing from left to right (for an overview see [16]). It was observed repeatedly that 
arithmetic competencies can be predicted by more precise mental representations of 
number magnitude already in early childhood ages [17]. Therefore, fostering under-
standing of number magnitude is a crucial step in developing higher mathematical abil-
ities. 

In the current study, we examined the relationship between enjoyment and reliability 
of a well-known paper-pencil math task, the number-line estimation, and an in-house 
developed math game using the very same core task mechanic (see Fig. 1). In the fol-
lowing, we describe how the game was developed and which methods were employed 
to compare the two learning tasks to each other. Subsequently, the evaluation of sub-
jective and objective measurements of task interaction is presented and lastly inter-
preted and discussed against the background of motivational, educational, and game 
design aspects. 

2 Methods 

We compared estimation accuracy as well as enjoyment between the game-based 
version and conventional number line estimation tasks on paper to investigate the rela-
tionship between enjoyment or fun, respectively, and answer accuracy.  

2.1 Participants 

18 adult student participants (10 females, mean age 22.72, SD=2.56, range 19 to 30) 
were randomly recruited at the library of the University of Tübingen.  
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2.2 Design 

Paper-pencil and game version of the number line estimation task were randomly 
assigned to participants, so that 10 participants started with the paper-pencil version, 
while the other 8 participants started with the game Shoot The Number Line. The main 
dependent variable for comparison was estimation accuracy in terms of absolute 
estimation error.  

2.3 Measurement 

We created a game for the use on tablets called “Shoot The Number Line” to examine 
the relationship between enjoyment and reliability within game-based learning (see Fig. 
1). As the name suggests, the game uses the so-called number-line estimation task as 
the core game mechanic. In this task, participants must indicate the spatial position of 
a target number by slinging a ball as accurately as possible to the correct position along 
a number-line with only its endpoints specified (e.g., where goes 28 on a number line 
ranging from 0 to 100). 

Fig. 1. Screenshots of “Shoot The Number Line” with target numbers displayed above the sling-
shot: top-left: startup screen with level choice; top-right: level “easy” with stretched slingshot, 
showing the “beam” as an indicator of shooting direction; bottom-left: level “medium” and neg-
ative feedback; bottom-right: level “hard” and successful estimation. 

  

  

target number 

„beam“ 
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Accordingly, the current game focusses on the mental representation of magnitude on 
a number line. Usually, number line estimation tasks are implemented as paper-based 
tests. Accordingly, learners use a pen to mark the position of target numbers (e.g. with 
a cross or a simple stroke) on several number-lines printed on a multi-page document. 
Even though training number line estimation in such a way was found to be successful 
[18], the procedure itself seems rather tedious. Yet, the number-line estimation task is 
a suitable candidate for embedding into a game-based learning environment (see also 
e.g.[19, 20]) aiming at making the task more enjoyable and engaging. Likewise, 
through a comparison between in-game training and conventional paper-pencil meth-
ods, we can directly compare both methods in detail. Shoot The Number Line was de-
veloped in Unity 3d, which takes care of basic processes like model animation and 
physics interaction and is at the same time platform independent. The basic mechanics 
of the game comprise a slingshot with a ball that the player must shoot at the position 
of the respective target number – displayed right above the slingshot – on the number-
line with highest possible accuracy. The moment the player touches the ball and 
stretches the slingshot, a beam is displayed to indicate the position where the ball will 
land on the number line. For a trial to be successful players need to hit the position of 
target numbers accurately. The maximum deviation from the target position/number 
allowed is held constant at 7%. Target numbers can vary from a simple number to a 
calculation problem. After a start-up menu, the player can choose between three diffi-
culty levels easy, medium, and hard. On the easy level, the target number is a simple 
calculation within the 0 to 20 number range. On the medium level, participants had to 
estimate the position of a target number in the 0 to 100 range. Finally, the hard level 
employed the number range from 0 to 1000 and starting and endpoint of the range var-
ied from trial to trial. In the current study, only the medium level was used. When the 
target was hit with sufficient accuracy, the player scored 20 points minus the ADT (ab-
solute deviation from target). In case of a miss, the player’s score is reduced by the 
ADT. 

The paper-pencil version comprised a multiple-page document with number lines and 
target numbers between 0 and 100. The game ran on a 10” Medion Touch-Netbook 
operated on Windows 8. Additionally, a questionnaire assessing user experience of the 
game was developed and had to be answered by participants (Example question: How 
much fun did you have playing the game? – [1: not at all -> 5: very much]; see Appen-
dix A).  
 

2.4 Procedure 

The experiment took about 10 minutes. After receiving oral and written instructions, 
participants were introduced with an exercise to either the digital game-based or paper-
pencil version of the number line estimation task to get used to task requirements 
(onboarding phase). The game was played on medium difficulty level only with target 
numbers covering the whole range of the number line (0 to 100). Correspondingly, the 
same procedure was used in the paper-pencil version of the task. Each participant then 



6 

had to indicate the position of 23 different target numbers in each version (in the order 
of presentation, paper-pencil targets: 56,16, 49, 3, 23, 95, 45, 31, 14, 73, 54, 91, 82, 76, 
37, 51, 2, 98, 62, 69, 87, 28,8; game targets: 48, 39, 65, 81, 67, 52, 4, 12, 97, 1, 21, 43, 
93, 26, 58,19, 89, 96, 35, 53, 74, 6, 78). After completion of both tests, the questionnaire 
had to be filled out. There was no time limit during the whole procedure. For the paper-
pencil version, estimates on the number line were measured with a ruler and converted 
to the corresponding relative number to evaluate the estimation error. Afterwards, the 
single-factor-design allowed for t-tests to analyse all comparisons of interest.  

3 Results 

Estimation accuracy differed significantly between the game-based and the paper-pen-
cil version of the number-line estimation tasks [t(17)=11.41, p<.001]. The results 
showed, that participants estimated the target numbers more accurate and with less dis-
persion on the number line when they were performing the paper-pencil version [paper-
pencil: M= 2.16, SD=0.05; game: M=5.28, SD= 1.88; see Fig. 2]. Conforming to this 
objective difference, participants also judged their own performance between the two 
trainings to differ significantly [t(17) = 1.82, p = .043]. In particular, they thought that 
their outcome was better in the paper-pencil version [M= 3.67, SD=0.97] than in the 
game [M= 3.11, SD=1.08] which was in consonance with the accuracy data. According 
to the questionnaire, participants seemed to have significantly more fun completing the 
game-based version [M= 4.06, SD=0.83] than the paper-pencil version [M= 2.28, 
SD=0.83; t(17)=8.59, p<.001]. Moreover, design [M= 3.83, SD=0.62] as well as clarity 
of the game [M= 4.56, SD=0.62] were positively evaluated by participants. Overall, 
participants indicated a few problems operating the slingshot [M= 3.12, SD=1.04]. This 
was substantiated by qualitative feedback. Some participants reported that they encoun-
tered problems handling shots close to the ends of the number line (see also Fig.2). 
Feedback that the game provided was primarily perceived as helpful rather than dis-
turbing [M= 3.89, SD=1.02, see Fig. 3]. 
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Fig. 2. Estimation errors in the game (top/A) and the paper-pencil test (bottom/B). These errors 
illustrate the average accuracy per target number across subjects. Higher values mean greater 
deviation from the target position on the number-line. 

 

Fig. 3. Mean results of the questionnaire on various facets regarding user experience of the game-
based as well as the paper-pencil learning task. Lower values (0) represent negative while higher 
values (5) represent positive experience. Error-bars at the top represent standard errors. 
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4 Discussion & Conclusion 

The current study compared the performance of participants in two versions of the num-
ber line estimation task. Even though participants had more fun using the game-based 
version, accuracy was significantly higher in the paper-pencil based version of the task. 
In the following, we discuss these findings and the implications of enriching learning 
tasks with game elements.  

Design of the game and its overall handling did receive very positive user-feedback. 
Yet, participants sometimes stated that there is still room left for improvement. For 
instance, they found targets on the very left or right side on the number-line explicitly 
hard to hit (see also Fig. 2 A). This seems to be reflected in the only low positive eval-
uation of the slingshot-handling.  

Obviously, there are some pitfalls that come along with an enriched digital learning 
environment. While there are a few issues – we already mentioned for instance prob-
lems with the slingshot handling – we want to focus on those that became apparent in 
the comparison between the game and paper-pencil training. Most strikingly, there was 
a difference in estimation errors participants made during the task. They obviously had 
more problems accurately hitting the target in the game-based than in the paper-pencil 
version, which seemed particularly apparent for target numbers close to start and end-
point of the number line (see Fig. 2). Because of very accurate performance in the pa-
per-pencil-training, we must assume that participants have decent representations of 
number magnitudes. Therefore, we may infer that the significantly worse performance 
in terms of estimation accuracy in the game-based version originated from a property 
of the game itself. The shooting mechanism, in particular the rather short visualization 
of the beam in the game, is a very likely reason causing these performance deviations. 
Accordingly, the visual distance to target positions in the middle of the number line is 
smaller as compared to positions towards the ends, requiring more visual extrapolation 
of the trajectory of the slingshot ball.  

Importantly, while this mechanic increases some levels of uncertainty and conse-
quently difficulty it also decreases the reliability of the game with respect to estimation 
competence. Uncertainty is an important factor in engaging and motivating (e.g. [21]) 
players but may also improve learning outcomes due to its related release of dopamine 
(e.g., [22, 23]). Some degree of reliability however is needed to determine and foster 
players understanding of number magnitude. Importantly though, participants rated the 
game to be considerably more fun than the paper-pencil-task. Consequently, while the 
rather short visualization of the beam might have been a major contributor to partici-
pants’ enjoyment, it might have also led to the worse performance in the game-based 
task as compared to the paper-pencil version. Similarly, Kiili and Ketamo [24] found 
that although participants performed significantly better in a paper-pencil based math 
test than in a game-based math test, the game-based test was more engaging.  

Thus, the current results indicate that we may swapped a part of task accuracy and 
reliability, respectively, in favour of task enjoyment. It is additionally conceivable that 
an unknown amount of attention during the game is unwantedly shifted away from the 
core task – and presumably towards the shooting mechanism. Future studies may con-
sider more exercises before the actual training to minimise the risk of handling-biases 
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originating from participants’ inexperience with a new interface. In line with this, Kiili 
and Ketamo [24] have proposed that an appropriate onboarding phase should be in-
cluded in learning games to decrease mistakes caused by unfamiliar user interfaces, 
which should lead to smaller assessment errors in turn. In our case, some inaccuracies 
may have been caused by the inexperience with the new interface (i.e., slingshot me-
chanic), in particular targeting numbers on both ends of the number line (see Fig. 2. A). 
We may at this point hint to a similar mobile math training game, Semideus, that needs 
an avatar to walk to the right place along the number line using tablet-based tilt-control 
[25]. The game therefore implemented the same core task – the number line estimation 
– but uses different control mechanics that enable high accuracy and thereby maintain-
ing reliability of the task. Although the developers faced a similar effect as the tablet-
based mechanics led to overall longer response times, hallmark effects of number mag-
nitude processing were successfully replicated [25, 26]. Based on the study in which 
Semideus was used to train rational numbers, Lindstedt and Kiili [27] showed that user 
interface checkpoint tasks revealing participants' true controlling ability through trivial 
tasks can be used to increase the validity of math assessments by reducing effects of 
the user interface. The latter supports the validity of this instantiation of a game-based 
number line task as an assessment and learning tool [19].  

In sum, these examples show that game-based task realisations can inherit a trade-
off. In the present case this was reflected by heightened enjoyment at the expense of 
accuracy. Careful and sophisticated game-design can cushion or minimize such a fun-
accuracy trade-off and simultaneously keep the clarity as regards content. Ultimately, 
the person in charge of training or assessment is obliged to evaluate in how far positive 
effects may outweigh negative ones, if existent, and which audience he/she intends to 
reach. Training and assessment comprise the main applications of game-based learning. 
and these two applications may come with different requirements. It would be rather 
inacceptable when reliability issues bias the outcome of a game-based (math) test, for 
instance, when introducing game elements for enjoyment may cause uncertainty with 
respect to performance, which may ultimately be reflected in an official examination 
(grade). In a training, however, such problems may be irrelevant when they evidently 
do not impede actual learning. For instance, even if such a fun-accuracy trade-off oc-
curs in game-based learning, studies showed that the learning achievement was not 
necessarily lowered [12], or it was regardless the most successful learning strategy [13].  

The latter even speaks in favour of the perspective that motivation – especially when 
intrinsically integrated – may potentially outweigh reliability issues. Semideus is again 
an example where the constraints caused by the game-based implementation of a task 
does not always lead to vital restrictions affecting the quality of the training nor the 
assessment power of the game [25]. Last, as mentioned before, for some audiences the 
motivational and engaging benefit originating from games designed for learning can 
provide the critical impulse that tips the scales in advance for a topic that is negatively 
connoted, tedious, boring, or otherwise difficult to approach (see e.g. [11]). To con-
clude, in some situations, depending on audience and/or game-design, trading reliabil-
ity for fun can actually be a good deal. 

The present work outlines that game-based learning environments can induce a set-
back that has to be evaluated carefully. In our case, however, there are some restrictions 
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hindering a more detailed evaluation of this phenomenon. We already mentioned, for 
instance, handling issues, mainly regarding the slingshot and its beam. It is also likely 
that the onboarding phase was too short to make sure that participants were prepared 
enough to minimize interface induced biases. Because the paper-pencil method pro-
duced high accuracies despite a short introduction to the task, our findings suggest to 
employ an appropriate adjustment of the onboarding phase when interacting with a new 
interface. Other criticism can be pointed out about the rather small sample size and the 
age of participants. In particular, we did not assess participants previous experience 
with tablet/touch-devices or even digital games, which might have affected our results.  

Future studies will have to clarify the fun accuracy trade-off present in this and in 
other games and its theoretical and practical relevance. This entails the direct compari-
son of games for learning to conventional learning methods individually as well as in 
long term and for different skill/interest levels in the respective learning domain. Dif-
ferent skill and interests may have differential implications with respect to a continuum, 
in which seemingly a part of precision/reliability is given up for motivation or engage-
ment. For instance, an engaging but less accurate learning game may act as a door 
opener for a child who struggles in the respective domain, but a child with high intrinsic 
motivation may not benefit from – or even be demotivated by – such a learning envi-
ronment. 
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Appendix 

Table A. Items to examine user experience 

 
Item  1 2 3 4 5  

How appealing was the design of the 
app? 

not at all O O O O O very much 

Was the app clearly arranged? not at all O O O O O very much 

How good do you think your perfor-
mance was in the game? 

not at all O O O O O very much 

How much fun did you have playing 
the game? 

none O O O O O very much 

How well did you manage to handle 
the slingshot?  

not at all O O O O O very much 

How well did you in general manage 
to handle the app? 

not at all O O O O O very much 

Was the feedback (explosions, ar-
rows etc.) helpful? 

not at all O O O O O very much 

How good do you think was your 
performance in the paper-pencil test? 

not at all O O O O O very much 

How much fun did you have doing 
the paper-pencil test? 

none O O O O O very much 

        
Do you have other remarks?  

 
 
 


