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In this study, we address the problem of low retention and high dropout
rates of computer science university students in early semesters of the
studies. Complex and high abstract mathematical learning materials have
been identiﬁed as one reason for the dropout rate. In order to support
the understanding and practicing of core mathematical concepts, we
developed a game-based multitouch learning environment in which the
need for a suitable learning environment for mathematical logic was
combined with the ability to train cooperation and collaboration in a
learning scenario. As application domain, the ﬁeld of mathematical logic
had been chosen. The development process was accomplished along
three steps: First, ethnographic interviews were run with 12 students of
computer science revealing typical problems with mathematical logic.
Second, a multitouch learning environment was developed. The game
consists of multiple learning and playing modes in which teams of students can collaborate or compete against each other. Finally, a twofold
evaluation of the environment was carried out (user study and cognitive
walk-through). Overall, the evaluation showed that the game environment was easy to use and rated as helpful: The chosen approach of a
multiplayer game supporting competition, collaboration, and cooperation
is perceived as motivating and “fun.”
Keywords: mathematical logic; theoretical informatics; multitouch;
game-based learning; serious gaming; collaboration; university level

1. Introduction
The increasing shortage of young academics in science and engineering in
many countries is alarming, especially against the background that technological developments are an essential part of the welfare of graying societies. Even if the attraction of students to computer science as a basic
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discipline for technical developments is high in the beginning, computer
science study programs at universities suffer from low retention and high
dropout rates. In Germany, for example, college dropout rates oscillate
between 32 and 37% (Heublein, Schmelzer, & Sommer, 2008), while the
average dropout rate in other study programs is considerably lower (about
24%). Over 50% students of computer science switch to a different study
program after three or four semesters. Even though these numbers are not
easily comparable – due to different educational systems across countries –
the National Science and Engineering Foundation report the number of students changing their major from computer science to a different ﬁeld to be
20% (National Science Board, 2008).
According to students’ own reports, the primary motive for changing the
major computer science (or even leaving university without a degree) is the
(too) high cognitive demand, especially in courses of theoretical informatics
and mathematics. This ﬁnding is embarrassing at ﬁrst, as the majority (70%)
of computer science students have attended advanced mathematic courses in
school (Heine, 2006; Heine, Spangenberg, & Willich, 2008). Even though
there could be an imbalance between the (perceived) quality level of mathematical education at school and the requirements of math at university levels, insufﬁcient mathematical education alone cannot account for success or
failure in informatics. Other factors like motivation deﬁcits and their causes
also matter. Presumably, students’ lack of motivation is also due to insufﬁcient teaching formats that fail to overcome the high abstract knowledge in
mathematics and do not combine the mathematical problem-solving
approach with concrete, real-life phenomena.
To analyze the mathematical barriers in learning computer science at universities, we conducted interviews with 12 students of computer science.
Among these were students who just ﬁnished their ﬁrst year, but also students who were working on their thesis or even recently graduated. The
guided interviews focused speciﬁcally on difﬁcult lectures in their university
career. Interviewees invariably named mathematical and theoretical computer
science lectures as most difﬁcult. Eighty percent of them needed retake at
least one exam multiple times. Asked where the difﬁculties came from, students stated that they had troubles to strictly apply mathematical methods
and to precisely execute mathematical proofs on their own. Especially, the
lecture “mathematical logic” was reported to be one of the biggest barriers
to successfully getting a computer science degree.
In this study, we report on a software tutorial that was speciﬁcally
developed to support students in understanding mathematical logic and
to increase study motivation by implementing a collaborative gaming
environment.
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1.1. Support – mathematical logic as a “hard” example
The lecture on mathematical logic is typically taught within the ﬁrst two
years of computer science education at university level. In the course,
students learn about several kinds of basic logics and how to apply certain
formal methods within these logics which include both syntactic and semantic procedures to derive conclusions within the scope given by the logic
(Burris, 1998).
For many students in the ﬁeld of computer science, this lecture is one of
the most challenging and difﬁcult courses to pass. Apart from the contents
themselves, one main factor for the difﬁculty is the written examination at
the end, which in general consists of two kinds of tasks. The ﬁrst kind
requires students to understand a given formalized problem and to solve it
by using formal proof methods introduced in the lecture. Here, the main difﬁculty lies in coming up with the right idea how to solve the problem and
which proof method to apply. The second kind of task is to solve a given
problem instance with a method that has been explicitly introduced in the
lecture for that purpose. Here, the procedures are usually clear; however, the
time pressure during the exam frequently causes students to make errors or
to follow correct but nontrivial paths which consequently provoke mistakes.
When students talk about their experiences with exams, they often mention
time pressure and the resulting nervousness as problematic because these
factors inﬂuence their openness for ideas as well as their susceptibility to
errors.
One possible course of action would be to train the students’ ability to
come up with the correct ideas when they are needed and, additionally, to
train students to handle performance and time pressure, but this is usually
beyond the scope of a conventional computer science study program and, in
addition, is not focused on contents. Our approach, in contrast, seeks to train
the students in executing the more schematic tasks in a way that they are
able to perform them correctly even under time pressure. Our assumption is
that if this ability can be efﬁciently mediated, those exam tasks may be
more likely to reduce the pressure level rather than add to it, which would
free the students to think about the more difﬁcult tasks.
Among lecture topics, the resolution in propositional logic is the most
relevant, and therefore, a perfect candidate to use as an example. The general concept of the resolution method reoccurs throughout the course for different and more complex logics than propositional logic. The resolution is a
formal method to test whether a propositional formula is unsatisﬁable, which
also means that its negation is universally valid (Robinson, 1965).
The single valid resolution rule infers a new clause, if two clauses contain one complementary literal (one is the negative of the other). The empty
clause is derived, if two clauses with exactly one literal in positive and negative form are present. If the empty clause, which cannot be satisﬁed, is
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derived, the unsatisﬁability of the entire formula is shown. To get a complete and sound algorithm for deciding which assignments of variables ﬁt a
propositional formula, the resolution rules have to be combined with a
complete search algorithm.
1.2. Motivation-games in computer science
While regular university courses might tend to fulﬁll the cliché of boring
learning environments without fun or relation to the real life, there are a
plethora of pedagogical approaches which aim at making learning more
interesting, more personally relevant, and more fun.
One popular approach is serious gaming, which combines learning with
playing a game. Serious games have an educational purpose, including
teaching, training, and informing its players, wrapped up in an entertaining
environment (Brauner, Calero Valdez, Schroeder, & Zieﬂe, 2013; Michael &
Chen, 2006). Depending on the game design, serious games offer great possibilities for motivating students, promoting collaborative learning, or arousing enthusiasm by using competitive elements (Hakulinen, 2011). One
educational key beneﬁt of the success of serious games, though, is that
learners need to be actively involved during the game, no matter whether it
is a single player game, a collaborative game, or a competitive game
(Shabanah, Chen, Wechsler, Carr, & Wegman, 2010). As computer games
are “popular,” “interactive,” and “competitive,” “simplify assessment,” and
“utilize entertainment” (Shabanah et al., 2010), they can be regarded as a
motivating and promising way for teaching complicated and abstract concepts.
2. Related work
2.1. Learning models
With the instructional design theory, Gagné provides a plan to purposefully
pursue the formulated learning objectives within the learning process
(Gagné, Wagner, Golas, & Keller, 1988). According to the “nine steps of
instruction,” learners’ attention needs to be gained ﬁrst, in order to activate
the motivation to learn, and to stimulate the recall of prerequisite learning,
then the stimulus material should be presented, providing learning guidance
and eliciting the performance. A subsequent feedback, assessing the learners’ performance and promoting retention and transfer, is advised to provide
sustainable learning performance. Furthermore, the Felder-Silverman learning model (Felder & Silverman, 1988) helps us to design these steps with
respect to the different learning styles: sequential or global, visual or verbal,
active or reﬂective, and sensing or intuitive. While differentiating between
diverse learning types to enable individual learning certainly has its limits
within learning environments, which are designed for collaborative learning,

Computer Science Education

5

Downloaded by [RWTH Aachen University] at 05:39 20 April 2013

the model helps to avoid neglecting any of these styles. One of the ﬁndings
of Felder and Silverman was that most people comprehend graphical
representations of certain information better than textual representations.
2.2. Learning motivation-based implementation criteria
Overall, three motivation-based criteria have been considered speciﬁcally in
this context: intrinsic motivation, motivation mediated through collaboration
and competition, as well as a hedonic component through the game environment, which may conform to the well-known Premack principle (Premack,
1959), according to which students may be more motivated to perform a
less desirable activity (understanding abstract materials) in order to get a
more desirable activity (collaborative game playing).
2.2.1. Intrinsic motivation
According to Malone, when trying to motivate students to play a learning
game, there are two different categories of motivation: intrinsic and
extrinsic (Malone, 1980). While extrinsic motivation is induced by external stimuli, like additional points for an exam, intrinsic motivation arises
from the activity of playing the game itself. There is a strong positive
correlation between a learning activity’s intrinsic motivation and the activity’s learning effect (Gagné et al., 1988). Malone describes several heuristics for designing serious games and focuses on possibilities to make
these games attractive to play. Some characteristics are decisive for individual learning without a group: curiosity, challenge, control, and fantasy.
The interaction when learning within a group is targeted by different
aspects like collaboration, competition, and recognition (Hejdenberg,
2005). These aspects are considered when designing the different gaming
modes.
Another source for motivation is the fact that the usage of modern media
and technologies, such as multitouch tables, is generally considered far more
motivating and thrilling than the usage of the old and long-known ones
(Heidrich, Zieﬂe, Röcker, & Borchers, 2011).
2.2.2. Collaboration and competition
Concerning working and learning in groups, several slightly different deﬁnitions for collaboration and cooperation can be found, although both terms
are often used synonymously. Cooperation describes a division of labor,
whereas in collaboration the same task is performed by all group members
together (Dillenbourg, 1999); though, with regard to multitouch environments, this distinction is typically not made. Khaled et al. use the term of
collaborative learning for both scenarios (Khaled, Barr, Johnston, & Biddle,
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2009; Thalemann, 2004). Subsequently, collaboration is used as the general
concept of “working together,” whereas cooperation speciﬁcally means situations where a division of labor takes place. The beneﬁts of collaborative
learning can be seen in the fact that learners are more involved in the topic
(Straub, 2001). Also, learners process the learning contents more actively
and beneﬁt the most when they already know some basics. Additionally,
learners are supported in joint critical thinking and become aware of their
own thinking processes.
2.2.3. Algorithm visualization
The majority of algorithm visualization approaches deal with concepts that
are typically introduced in the basic data structures and algorithms lecture at
university (Shaffer, Cooper, & Edwards, 2007). Only a small fraction of the
remaining minority deals with mathematical algorithms, so the algorithm
visualization within a serious game about resolution in propositional logic
tackles a relatively unexplored area. Yet visualization of a mathematical
algorithm does not max out the potential for the learning process. The activities of the learners are of greater importance for the learning process than
the content of the visualization itself (Hundhausen, 2002).
One approach that considers these aspects is “Algorithm Visualization
using Serious Games” (Shabanah et al., 2010). With this concept, an algorithm is represented in four forms: (1) as text, with the steps of the algorithm described to get a basic idea of its mechanism, (2) as a ﬂowchart,
with the working ﬂow of the algorithm statically visualized as a graph, (3)
as a game demonstration, in which algorithms are dynamically displayed as
a self-running animation, and ﬁnally (4) as a game, in which algorithms are
represented in an interactive serious game that simulates their behavior and
visualizes their inﬂuence on the data structure. During subsequent execution
of these different algorithm representations, learners pass through three consecutive processes: the viewing process, the playing process, and the designing process. Subsequently, a creation process can follow in which the
learner develops his or her own algorithm text, ﬂowchart, demo, and game
(Shabanah & Chen, 2009).
2.3. Multitouch tables in education
As multitouch tables inherently support collaborative work (Khaled et al.,
2009), there are plenty of possibilities to use these beneﬁts for learning
processes within serious games. Nevertheless, it is important to foster the process of collaboration to promote its positive effects as learners do not necessarily interact with each other just because the environment provides the
possibility for it (Kreijns, Kirschner, & Jochems, 2003). Successful cooperation within collaborative work can only be reached if communication and a
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sustainable mutual understanding are addressed. Joint information processing
needs to be provided in order to manage the dialog between learners, giving
them the possibility to achieve coordinated task management and a cooperative task division. This, in consequence, allows learners to build up an interpersonal relationship, a space of reciprocal interaction, learning motivation
and, ﬁnally, an individualized task orientation. In the game context, competitive elements refer to situations within the game in which the player faces a
certain necessity to act in a suitable way (Vorderer, Hartmann, & Klimmt,
2003). Social competition, on the other hand, refers to the competition
between human opponents. It is assumed that social competition in the context
of serious games also increases the learning motivation (Koster, 2005).
As multitouch technology provides a wide range of opportunities for
graphical user interface interaction, it has become a signiﬁcant topic of interest within recent years (Schöning, 2010), applicable in different ﬁelds, for
example, common ofﬁce work (Wigdor, Penn, Ryall, Esenther, & Shen,
2007), geographic visualization (Tran, Anslow, Marshall, Potanin, & De
Roiste, 2011), concept mapping (Martinez Maldonado, Kay, & Yacef, 2010),
or in the serious games context (Zyda, 2005).
So far, multitouch learning applications can be found primarily within
the elementary school sector, for example, software for mathematics MELVis (Tyng, Zaman, & Ahmad, 2011) or the Multitouch Education
Table (George, De Araujo, Dorsey, McCrickard, & Wilson, 2011). But as
multitouch tables encourage students to experiment more with a problem
and its solution (Piper & Hollan, 2009), the technology can be regarded as
suitable for learners of all ages, especially as the usage of tables as interactive objects additionally promotes collaborative working by naturally providing space for an ideal group size of four learners (Schneider et al., 2010).
Yet computer science education is using multitouch tables quite seldom,
even though the technological development of multitouch tables is a highly
popular topic in computer science research. One successful application is a
multitouch puzzle game for children in elementary schools. In this game,
the children have to assemble and disassemble certain ﬁgures, such as
humans or bicycles, in order to learn the principles of generalization, modularization, and hierarchization (Nabbi, Brauner, & Leonhardt, 2010; Nabbi,
Leonhardt, Brauner, & Schroeder, 2011).
3. Concept
In this section, we describe the concept of the game-based learning environment on multitouch tables. The concept contains the following pillars:
(1) We picked the resolution in propositional logic as a ﬁeld of research
and implemented a serious game for multitouch tables as a proofof-concept. Propositional logic was selected as most relevant
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showcase of mathematical logic. Also, the general concept of the
resolution method reoccurs throughout the course for different and
more complex logics than propositional logic.
(2) The learning objectives of the serious game are twofold: First, learners
should acquire, learn, and comprehend necessary foundations of the
method. Second, learners should be enabled to execute the resolution
method without mistakes. We decided to place the learners in an open
learning environment where they can freely decide which learning
objective they currently want to address and by which concept.
(3) A series of eight game modes have been set up, which can be used
consecutively or in random order. The term “mode” is chosen to differentiate our approach from the term “level” frequently used in computer games. Levels usually have to be completed one after another,
whereas in our case, the learner can decide to skip some of the modes
or to reuse one mode multiple times in a row. The application is
based on the scaffolding method as an instructional approach
(Hogan & Pressley, 1997) and provides four learning modes and four
practicing modes for processing the learned material. The ﬁrst four
modes use different instructional approaches to instruct the learner
about the subject matter. The second set of modes uses several kinds
of cooperation, collaboration, and competition to deepen the learning
experience.
(4) The current game design supports multiple users at the same time and
focuses on two teams working together or against each other. If more
than two users want to use the game, they can form teams. Multitouch
tables provide excellent opportunities to support multiple users at the
same time. For example, in one of the game modes, users can simultaneously carry out the resolution method against each other. In this
case, both users (or both teams) stand at opposing sides of a multitouch table. Thus, they can focus on the task that has to be carried
out on their side, and in addition, they can observe how the opponent
is currently performing. Comparably, multiple users can complement
each other when they have to perform a shared task on the table.
An in-depth description of the eight implemented learning and practicing
modes of the serious game for mathematical logic is presented in the next
section.
4. Implementation
Figure 1 shows the overall structure of the learning game. It consists of two
main sections (the ﬁrst one is the group of learning modes, and the second
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Figure 1. Schematic overview of the learning process and the gaming modes.

one is the group of playing modes) and one special mode for enhancement
which is the creation mode.
In the general structure, two important construction ideas can be seen:
(1) Sequential composition: Beginning with the most basic learning mode
that demonstrates the basic rules (animation mode), followed by a
guided practicing mode (feedback mode), and modes offering knowledge enhancement (quiz mode, formula mode), and ﬁnally arriving at
the playing modes, a learning sequence is traversed in which the contents and challenges of one mode are often based on the knowledge
that has already been gained in another mode prior to the current one.
The main goal of this sequential structure is to adequately guide learners through their learning processes without overburdening them by
presenting them too much new information at once.
(2) Combination of building blocks: There are four different playing
modes whose characteristics can be grouped into two categories. The
ﬁrst category is either a mode of purely collaborative nature (all players play together against time) or it is a competitive mode in which
multiple players play against each other. The second category is either
a mode made up of several subsequent rounds in which one single
problem instance has to be solved per round, or it consists of one ﬂuent sequence in which the number of problem instances that can be
solved in a certain time is directly connected to the goal of the mode.
The four modes now represent the four possible combinations of the
respective two occurrences of both categories. The main goal of this
combination strategy is to serve the preferences of different player
types.
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4.1. Application modes
The application consists of four learning modes that communicate important
basic contents, and four playing modes to practice these contents.
The learning modes can be described as follows:
• Animation mode gives learners a ﬁrst insight into how the algorithm
works.
• Feedback mode allows learners to execute the algorithm themselves
and delivers instant feedback.
• Quiz mode widens the learners’ topical knowledge in the form of a
quiz game.
• Formula mode enables learners to explore the algorithm’s underlying
concept (in this case, the construction of logical formulas).
The playing modes are designed to create intrinsic motivation so that players
have fun while playing, and therefore, play the game because of the game
itself and not because of pure need for practice. These modes can be
described as follows:

Figure 2. Screenshot of the animation mode: in this mode the execution of the resolution
method is visually animated.
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• Collaboration mode uses timers and round scores to allow players to
play against time.
• Cooperation mode forces players to build teams with different responsibilities, playing against time, and toward one common score.
• Competition mode allows players to play a round-based duel against
each other.
• Tactical mode provides a ﬂuent and more advanced duel with a wider
tactical range.
In the following, a short introduction of each mode’s purpose is given.
Animation mode (see Figure 2) provides an initial demonstration of the
algorithm execution which, according to Shabanah and Chen, is helpful to
get learners into the topic (Shabanah & Chen, 2009). The chosen approach
to demonstrate the algorithm behavior is comparable to what they call
“algorithm game demonstration,” an animation demonstrating how the algorithm works. The animation follows the same principles as the game later
executed by the learners. In addition to the animation, an explaining text is
shown when the animation is over. This text explicitly refers to the

Figure 3. Screenshot of the feedback mode: in this mode, players can practice the
execution of the resolution method and get immediate feedback for every action.
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animation and aims at further explaining it and pointing to particularly
important aspects.
Animation mode contains three different animations. The best way to
teach multimedia-based lessons is to present them in user-paced segments
rather than as a continuous unit (Pedroni, Meyer, & Oriol, 2009). Each animation contributes some speciﬁc information. The ﬁrst one shows the most
basic principles, while the other two each contribute additional information
exceeding the information provided by the previous one. This step-by-step
approach helps to avoid overburdening the learners with too much new
information at once.
Feedback mode is designed to give learners direct feedback after every
action to inform them whether their action was correct or, if it was not, what
exactly their mistake was (see Figure 3). Continuous feedback supports
learners to process the contents more effectively (Vollmeyer & Rheinberg,
2005), and thus, this application mode stimulates the learning process by
giving feedback at every single step of the algorithm execution. If learners
make a mistake, a special feedback popup appears. In addition to a short
explanatory text, each popup contains several small pictures demonstrating
the issue. For different kinds of mistakes, different messages appear, targeted
at the type of mistake that has been made and explaining why it is a
mistake.

Figure 4. Screenshot of the quiz mode: players have to answer a series of questions. The
majority of players decide which answer is chosen.
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Figure 5. Screenshot of the formula mode: a given formula in propositional logic has to be
transformed into a speciﬁc normal form.

Quiz mode provides several questions randomly chosen from a set of
available questions that consider aspects having to do with the wider context
of the algorithm (see Figure 4). This provides an understanding of the topic
much deeper than the algorithm alone is able to communicate. The highest
possible effect of collaborative learning is reached when some basics of the
topic are already known but there is still a need to deepen and augment
them (Koschmann, 1999). There are no time limits, so players have time to
carefully think about the questions. When a group of players that have just
learned the algorithm basics executes this mode, the players are led to discuss each question which can help to efﬁciently enhance the players’ topic
knowledge.
Formula mode is targeted at extending the main algorithm (resolution)
by a prior step (formula construction). It gives learners the ability to explore
which formulas are valid instances to be used in the resolution algorithm
(they have to be in conjunctive normal form (CNF) and to construct an
equivalent formula to a given formula (see Figure 5). The idea of formula
equivalence checks is similar to the truth tables used in the truth tabulator
(Van Benthem, Van Eijck, Van Ditmarsch, & Jaspars, 2011). In formula
mode, learners can play around with basic formula building blocks and get
direct feedback about syntactical correctness, CNF fulﬁllment, and
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Figure 6. Screenshot of the collaboration mode: multiple players can simultaneously
execute the resolution method.

equivalence. Similar to quiz mode, the purpose of this mode is to put the
algorithm into a broader context.
Collaboration mode combines two central elements for creating intrinsic
motivation, namely score-keeping and speedy response (see Figure 6). This
happens in the following steps:
(1) Around starts. A timer is set to an initial value that depends on the
currently chosen difﬁculty level. Each second the timer is decreased.
(2) Once the instance has been solved, the timer stops. The remaining
timer value, multiplied by a constant factor, is then added to the score.
If the timer has already expired, the players do not gain points for the
round.
(3) If the round was the last one, the score is ﬁnal. Otherwise, the next
round follows and the round score is added to the score reached in
the rounds before.
(4) If high score participation is activated and the score is high enough, it
is added to the high score list which can then be viewed by the players.
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Figure 7. Screenshot of the cooperation mode: two users can still work together, but now
they have different tasks to fulﬁll. One player has to execute the resolution method in
limited time while the other player “buys” time by answering theoretical questions correctly.

The high score list can be classiﬁed as a ﬁrst step toward competition
because it causes players to compete against the already existing high score
list entries.
Collaboration mode allows parallel interaction for multiple players. This
ensures that several players are able to collaboratively work on the same
instance at the same time so that every player, when having an idea how to
proceed, is able to directly execute an action, regardless whether other players are executing other actions in parallel or not. In feedback mode, this
kind of interaction is not possible because each action is directly followed
by a feedback popup.
Cooperation mode (in contrast to collaboration mode, which is designed
to support collaboration, but can also be played by one single player) explicitly addresses the aspect of cooperation (see Figure 7). As collaboration is
suitable to get players more involved in the learning contents (Straub,
2001), making the collaborative aspect more explicit can be helpful and can
be done by using the more special concept of cooperation.
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In cooperative game situations, there are at least two separate roles players can take. Assuming two different roles, two different players are needed
to fulﬁll these roles. If one of the roles stays unfulﬁlled, reasonable playing
either gets impossible or is at least restricted. Multiple players playing
together tend to intuitively understand and make use of the possibilities of
cooperative game play (Khaled et al., 2009).
The two roles players can take can be described as follows:
(1) The ﬁrst role is about executing the main algorithm. If an instance
has been solved, the round does not stop but moves on and the score
is increased by a constant value. Similar to collaboration mode, there
is a timer running, but in this mode, when the timer has expired, the
game is over and the reached score is ﬁnal.
(2) The second role is about answering questions. Unlike in quiz mode,
which is designed for knowledge accumulation, this quiz role aims at
practicing knowledge recall under time pressure. When a question is
answered correctly, a difﬁculty-level-dependent number of seconds is
added to the timer value. When a wrong answer has been given, the
timer value is analogously decreased.

Figure 8. Screenshot of the competition mode: two players compete against each other on
the same task. The player who ﬁnishes a round ﬁrst gains points for the round.

Downloaded by [RWTH Aachen University] at 05:39 20 April 2013

Computer Science Education

17

Figure 9. Screenshot of the tactical mode: in this mode players are competing against each
other and can switch between different views like executing the resolution method or
answering questions about the theoretical backgrounds.

Similar to collaboration mode, scores in combination with timers are the
main challenging elements of this mode. Another aspect both modes have in
common is the possibility to play for high scores to provide a basic type of
competition.
Competition mode follows the principle of social competition between
players facing each other (see Figure 8). In consecutive rounds, it gives two
players exactly the same instances to be solved. There is no timer, but only
the player ﬁnishing the round ﬁrst gains score for it. At the end, the player
who has gained more points during all rounds is the winner.
Tactical mode, similar to competition mode, offers two players the possibility to play against each other. The difference to competition mode is that,
while in competition mode players can execute only one possible action at a
time (solving one instance faster than the opponent), tactical mode adds the
possibility to choose between different actions (see Figure 9). In tactical
mode, there is a side bar (visible on both top and bottom side of the table),
which represents the score difference between the players and consists of 20
squares. At game start, each player owns 10 squares, colored in the
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respective player’s color. The game is over when all 20 squares are in one
player’s color.
The game starts with the view on a resolution instance. Players can now
solve this instance. If a player solves one instance, the side bar progresses
accordingly, changing the color of one square to the color of the solver.
Instead of solving the resolution instance, players can push an arrow on
the right side of their view to switch to a quiz section. Correctly answered
questions make players progress on the side bar, but with the quiz it is not
possible to ﬁll more than half of the side bar with squares of the own color.
This is because answering one question can generally be seen as less timeconsuming than solving one resolution instance. If the answer to a question
was wrong, the opponent progresses on the side bar, independent of the current bar status. At any time, players can move back and forth between the
resolution view, the quiz view, and a third view which shows the following
ﬁve buttons:
(1) The “double button” doubles the number of squares conquered at any
time the side bar progresses.
(2) The “force button” forces the opponent to solve his current resolution
instance or quiz question, so that any other action is blocked until the
task has been solved.
(3) The “another button” can be used to exchange the current resolution
instance if in the current game situation it appears to be too timeconsuming to ﬁnish it.
(4) The “formula button” offers the opportunity to access an extra view
in which a logical formula can be chosen that the opponent can be
forced to transform to CNF before being able to perform any other
game action.
(5) The “home button” directly changes the view back to the resolution
instance.
While the ﬁrst four buttons can only be used once by each player and disappear after they are used, the “home button” can be used perpetually. Tactical
mode integrates the concept of choice as well as the concept of force. Having the choice what to do adds a greater freedom of decision at each point
of time, which allows players to act tactically. Being forced to do a certain
task removes this freedom temporarily so that players cannot always choose
the easiest possible way to win the game.
Creation mode follows a different approach than the other game modes.
Most of the other introduced modes deal with learning or practicing to solve
one certain resolution instance. Such instances have in common that they
are predeﬁned for use within the application which implies that they are
actually solvable. One other interesting experience for players would be to
try to solve an instance and then come to the conclusion that it is not
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possible, but for the sake of ﬂuent playing, it is not sensible to integrate this
concept into the existing game modes. Another problem is that, if the number of instances from which the application can choose is ﬁnite, eventually
the same instances that have already been played appear again.
Creation mode addresses both problems. Similar to the “designing process” described by Shabanah and Chen, creation mode allows players to create their own instances (Shabanah & Chen, 2009). If players simply create
an arbitrary instance and then try to solve it, it is very likely that they ultimately realize that solving it is not possible.
If the new instance is actually solvable, creation mode allows users to
save it as soon as they have shown that it is solvable. It is then added to a
custom data ﬁle in which all created solvable instances are stored. Players
can always switch from using default instances in the playing modes to
using custom ones.
It is important that only solvable instances can be saved. Trying to solve
unsolvable instances and recognizing that they are unsolvable is an interesting experience, but if these instances were used in the application’s game
modes, it would negatively affect the game ﬂow.
Additionally, if an instance has already been saved, players cannot save
the same instance again, because many identical instances hamper the novelty aspect.
Creation mode also allows players to browse existing instances. These
clause sets can then be used as starting points for creating more complex
instances.
5. Evaluation
The implemented prototype of the serious game for learning and practicing mathematical logic was evaluated. In order to critically test the developed environment, we pursued two different evaluation approaches. First,
a user-based evaluation was carried out. University students, who were
currently taking the course in mathematical logic or had already ﬁnished
it, were selected to use the prototype for learning and practicing the
method of resolution in propositional logic. Second, an expert-based evaluation using the cognitive walk-through method (Courage & Baxter,
2005) was performed.
The user study was carried out in one of the university’s seminar rooms.
In total, ten participants (aged between 24 and 31 years) took part. They
were allocated to ﬁve groups of two students, respectively. Each team used
the prototype for about 10–20 min. Two experimenters observed the students
during the interaction with the prototype and noted interaction and collaboration. After ﬁnishing the experiment, students had to evaluate the approach
and were asked what they liked and disliked about the game and what suggestions they had for further improvements.
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Overall, the prototype was regarded as easy to use and highly useful. All
participants conﬁrmed that the serious game approach increased their motivation to get into abstract and difﬁcult learning materials. All of the 10 participants tried out many of the learning and gaming modes, although it
seemed to be troublesome for some users to have every mode accessible
right from the start. For example, one team just dove into one of the gaming
modes without knowing how to perform the required algorithm (attracted by
the possibility to play). Thus, they randomly touched and dragged clauses of
a formula until they eventually found the solution by chance. They later
suggested that users should be forced to pass the learning modes ﬁrst before
being able to access the playing modes.
Additionally, a series of usability problems were mentioned. First, the
multitouch table had minor difﬁculties tracking all user interactions
correctly. Although some interactions had to be repeated, the game was still
well playable. Second, in some gaming modes, the screen space was too
limited to display all required game elements. Some users suggested reducing object/font sizes. Third, participants reported that they did not like reading the explaining texts at the beginning of a mode. They preferred an
introductory animation or video instead of a dull text. Finally, some users
criticized that the tactical mode might not come to an end if the players perform equally well. Hence, they suggested introducing a time limit after
which the game eventually ends. Though, this suggestion has to be treated
carefully as other users actually liked this speciﬁc concept.
In general, all users agreed that playing the game is highly motivating,
and they fully enjoyed dealing with the subject mathematical logic in a
game-based environment. They speciﬁcally stated that practicing the resolution method with the game was much more fun than practicing this method
with pen and paper.
The user study was complemented by a cognitive walk-through of the
learning game prototype by two experts, both with a computer science background. The ﬁrst expert was from the usability and human factors domain,
the second was an expert in secondary and tertiary education and computer
science teaching methodology. Both experts carefully tried out the different
modes and evaluated interface design, educational approach, and the hedonic
fun component in combination with cognitively demanding learning materials. Minor usability issues not revealed in the user-based evaluation were
discovered: As such, in some learning modes, players stand at opposing
sides of the multitouch table, and in others, they must stand on the same
side in order to read texts and formulas. A uniﬁed solution has to be developed that does not require learners to move along the multitouch table. Also,
the accessibility of all modes right from the start is criticized by the experts
as it provokes two barriers for learning: First, some learners might directly
access the advanced learning and gaming modes that are overtaxing without
adequate knowledge of the subject matter. Requiring them to (quickly)
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progress through the learning modes will equip the learners with the necessary knowledge to perform well in the subsequent modes. Second, some
(computer) gamers are motivated by challenges such as unlocking levels.
Thus, unlocking additional game modes after successfully reaching a certain
learning outcome might also prove as an effective agency to foster sustainable learning.
6. Conclusion
The application prototype presented in this study successfully applies the
concept of serious gaming to the domain of mathematical logic, and therefore to computer science education. The user study and the cognitive walkthrough revealed that this serious game is suitable for learning mathematical
logic and practicing the execution of the associated algorithms collaboratively, cooperatively, and also competitively. It uses the method of scaffolding to introduce the subject matter to the learners. The learners can then
self-determinedly interact with the learning objects in various gaming
modes, each addressing different learning styles.
Currently, the learning game deals only with parts of the contents of the
lecture “Mathematical Logic.” Thus, further efforts have to be made to cover
the complete lecture. As stated at the beginning, the subject matter is
basically twofold: First, learning the theoretical foundations of the subject
and second, being able to apply the theoretical foundations in the form of
speciﬁc algorithms in short time during exams. Adding additional learning
elements in the form of questions in various game modes is relatively
straightforward as the application already uses a database for storing the
question elements. Supporting other algorithms in the training and playing
modes requires additional interaction, validation, and feedback mechanisms
to be implemented. As the algorithms learned in the lecture are basically
more complex variations of the resolution algorithm presented here, adding
further learning material from the domain of mathematical logic easy to
accomplish. Still, additional considerations have to be made with regard to
structuring the content in chapters and subsections as the lecture does.
There are other possible improvements to the application that can help to
make it more appealing in order to further enhance its intrinsic motivation.
One possibility is to include a graphic design artist into the process, who
can take care of the application’s visual appearance. There may even be
room for replacing the currently used formal mathematical symbols by alternative representations, which could help to make the contents more intuitive
for learners. However, it is important to provide a link to the formally correct notations at some point so that learners are not only aware of the principles but also of the correct formalisms.
Additionally, the effect of using this application in parallel to the mathematical logic lecture must be formally evaluated. The user study and the
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expert review described above provide ﬁrst evidence that the application
might have a positive impact on learning motivation and learning outcome;
however, this has to be proven in a valid study.
One interesting aspect to investigate is the inﬂuence of the multitouch
surface’s collaborative nature on the learners’ motivation. Here, the question
is whether there is a veriﬁable difference when executing the application on
a multitouch surface compared with when it is executed on a generic computer interface. Additionally, in a prior step, a meaningful measure for user
motivation has to be found.
The presented learning environment will serve as an optional tool for students at our university to support self-directed learning in a game-based
environment. It will complement the currently used teaching and learning
style of lectures and weekly assignments.
However, the contribution of this work reaches beyond universities where
mathematical logic is thought in comparable breadth and depth. The basic
principles of scaffolding and mixing collaborative, cooperative, and competitive elements applied in this game may serve as a framework for developing
serious games for a magnitude of different domains. It should be noted that
this learning environment successfully applies the above-mentioned concepts
to a very abstract mathematical domain which is often neglected by pedagogical research. Thus, the presented work provides strong evidence that
even learning very abstract contents can be made accessible to cooperative
and collaborative learning games. The utilization of a multitouch tabletop
proved to be an excellent tool to promote collaboration and cooperation
while learning this abstract subject matter.
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