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Inquiry-Based Learning

Abstract

Inquiry-based Learning, also called Problem-based Learning, is a student-centered approach to collaborative learning,
where students explore tasks alone or in small groups, while
teachers serve mainly as facilitators (Dolmans and Schmidt
2006). Problem-based learning was originally formalized as
an instructional model for medical schools in the 1960s;
however, recent years have seen increasing interest in applying it to K-12 education (McConnell, Parker, and Eberhardt
2016).
Advantages of inquiry-based learning approaches are improved student engagement (Hoffman, Morelli, and Rosato
2019), deeper understanding (Franklin et al. 2015) and increased self-determination (Schmid and Bogner 2017). The
approach has some limitations (Kirschner, Sweller, and
Clark 2006), e.g. it is not always suitable for students with
insufficient prior knowledge, and, if done in the wrong setting, it may result in increased workload and lower basic
exam scores (Albanese, Mitchell et al. 1993).

We present an interactive online workshop for K-12 students,
which aims in familiarizing students with core concepts of
AI. The workshop consists of a variety of resources, inspired
by inquiry-based learning techniques, of which we present
in detail one module, centered around a browser-based game
called “Gradient Descent”. This module introduces the mathematical concepts behind a gradient descent-based optimization algorithm through the computer game of a treasure hunt
at an unknown sea surface landscape. Finally, we report on
student feedback for the module in a series of content and
language integrated learning in German (CLiLiG) workshops
for students aged 14-17 in 30 countries.

Introduction
Artificial intelligence (AI) has developed at an incredible
speed in the last years. Thanks to powerful computing technology and available data, fast progress is now happening in
a wide range of applications.
The increasing contributions of AI technologies to everyday life and the discussions around the ethical effects
of decision-making through AI algorithms have raised the
importance of spreading basic knowledge about AI and the
techniques behind it to all citizen, both children and adult.
This lead to the need for concepts to convey knowledge
about AI to these groups.
There is now a huge interest and demand for good tools
to introduce core AI concepts to K-12 students to AI and to
support K-12 teachers in integrating AI learning experiences
into their classrooms (Touretzky et al. 2019; Ali et al. 2019;
Tedre et al. 2021). First initiatives include guidelines for K12 AI education (initiative 2021; Steinbauer et al. 2021),
teaching resources showcasing current AI applications or
raise awareness of ethical aspects, e.g. of autonomous driving1 . Interesting research has also been conducted on examining AI learning and teaching at the elementary school level
(Lee et al. 2021) or unplugged activities (Long, Moon, and
Magerko 2021), just to name a few.

Learning through Gaming
In recent years, both traditional games and computer games
have been more and more used for education (Becker 2010;
Mogessie et al. 2020), making use of their natural immersive problem solving tasks. Also called serious games, they
address both the cognitive and the affective dimensions of
learning(O’Neil, Wainess, and Baker 2005; Virvou, Katsionis, and Manos 2005) and should facilitate learning for students of different cognitive needs and interests.
The characteristics of computer games can be described
as being based on a set of rules or constraints, interactive and
providing feedback to players, e.g. through a score (Prensky
2001; Vogel et al. 2006), and directed toward a clear goal
that is often set by a challenge (Malone 1981).
A common feature, though not a proper defining characteristic, is a competitive elements, which can be either
against the computer, another player, or oneself.
Researchers are still debating on the capacity of serious
games to motivate students (Malone 1981; Wouters et al.
2013). For sure, game-based learning environments provide
many opportunities to support inquiry-based learning (Mott
et al. 2019; Hou et al. 2021), and with inviting settings,
expressive characters, and compelling virtual worlds, they
create effective and engaging learning experiences (Wouters
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et al. 2013; McLaren et al. 2017). Recent developments include e.g. language learning-in-culture (Barrett and Johnson
2011), but also computational thinking in the elementary
grades (Rowe et al. 2017; Lee et al. 2021) and computer science and AI learning experiences in K-12 classrooms (Buffum et al. 2016; Wang and Johnson 2019).

and the interest in German as a foreign language. PASCH
schools offer their students a variety of German teaching and
cultural events in German or dedicated to topics of the German culture.
Starting in 2017, we conducted CLILiG immersion workshops on STEM topics with students of PASCH-schools,
first on-site, and since 2020 also as fully online workshops.
In this paper we describe one of the online educational
games we use for our most popular and fully online workshop, entitled ”KI erklärt/AI explained”. This workshop is
part of our larger AI communication and exhibition project
I AM A.I.

CLIL Learning
Content and Language Integrated Learning (CLIL) (Coyle,
Hood, and Marsh 2010) is a didactic method which combines the teaching and learning of a foreign language with
subject teaching and learning.
While a foreign language learned from a language instruction textbook is considered to be artificial2 , as it is
rather structured, controlled, and adapted to classroom situations, CLIL education aims to convey language knowledge through a more natural learning environment, resembling first language acquisition. CLIL was introduced first
in subject with fewer technical terms and easy opportunities
for intercultural learning, i.e. history, geography, social sciences or physical education, but has now propagated to all
subjects.
Besides the intercultural benefits, CLIL instruction has
proven to be beneficial for learners, as CLIL learners are
better at morphology and writing (Zydatiß 2005), and have
a greater active vocabulary (Dalton-Puffer 2008), in comparison with regular learners of a foreign language.
CLIL in a school context is often used in specific instruction modules, as most teachers regard only part of the particular content subject syllabus as suitable for CLIL (Huettermann 2013). The exact approach depends on the structure of a country’s educational system and different teaching
traditions (Wolff 2011) and therefore varies between countries (Beck 2021). English is the predominant language both
in conventional foreign language and in CLIL teaching at
schools within the European Union (Dalton-Puffer 2011;
Eurydice 2006).

CLIL instruction in AI learning content and language
integrated learning has, to the best knowledge of the authors, not been in the focus of scholars in AI education up
to the present. Current use cases containing both the keywords ”AI” and ”CLIL” rather focus on Computer Assisted
Language Learning (CALL) (Dodigovic 2005).
In this work, we describe our first efforts in this direction,
which are immersion workshops for students with an intermediate German level. We also conducted some sessions for
beginners of German, working with a translator, but we will
not report on those special cases here.

General Workshop Setup
We designed two workshop formats: The offline format was
designed to take place on-site in a school, the online format
is based on a videoconferencing tool.
On-site workshops included not only our learning games,
but also unplugged activities, such as discussion cards or a
”build your own AI” activity 3 , where students can train their
own neural network to play the game Nim. Due to the pandemic situation, almost all of our workshops were held in a
purely online format, with one facilitator per 8 participants.
The standard size was 8 or 16 participants, to ensure personal tutoring and an engaging group experience.
The standard duration of a full workshops is 8 hours,
which could be 4 double sessions of 2 hours or 5 sessions
of 90min. Usually, the sessions were distributed among several consecutive days, in rare cases weeks.

CLIL with target language German After English, the
most popular languages in CLIL teaching in the EU are
French and German. Content and Language Integrated
Learning in German (CLILiG) refers to concepts and
projects for classes where German is the target language, so
not the mother language of the pupils. These are used both
for multilingual classes in German-speaking countries, and
for schools outside German-speaking countries, which offer
German as a foreign language. CLILiG is not only practiced
in schools in the EU, but also in universities (2021) and in
schools with special focus on the German language worldwide (Pasch Initiative 2021).
An example are the PASCH-schools, where PASCH
stands for ”Schools - Partners of the Future”(Pasch Initiative 2021), a network of schools worldwide, supported by
the German cultural organization Goethe Institute.
The Goethe Institute is active in 98 countries as of today
(Goethe Institute 2021), and supports about 5-20 PASCH
schools per country, depending on the size of the country
2

Resources
For an on-site workshop, tablets, laptops or desktop-PCs are
needed. The learning games we developed are all browserbased and run on variable screen sizes, including tablets.
Certain applications were additionally enhanced, to adapt to
mobile phone displays.
For the online workshops, we used both standard video
conferencing tools, and platforms for schools and large conferences. Depending on the tool, the links to open our learning games on each device’s browser were embedded, shared
in the chat, or we shared a single link list with all games
enumerated, so that they could open them when asked to do
so.
Our online workshops contained the following learning
games:
3

See e.g. (Beck 2021), page 2
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https://www.i-am.ai/build-your-own-ai.html

• Neural Numbers: train a neural network to read handwritten numbers
• Gradient Descent: look for treasures and discover the
gradient descent method
• Simple Networks: look inside the mathematics of neural
networks
• Reinforcement Learning: learn with rewards and punishments in a robot grid world
• Sumory: play a game on the exploration vs. exploitation
dilemma
• AI Jam: make music in an AI piano and drums jam session
• Ethics of autonomous vehicles: think along how AI’s in
autonomous cars should take decisions

problem is, is still an active research question (Nguyen and
Hein 2017; Petzka and Sminchisescu 2021).
Due to its exploration properties, the modification
stochastic gradient descent will eventually be able to escape from such a region (Goodfellow, Bengio, and Courville
2016). This features is currently not implemented in our
game, but is a possible addendum in the future, see section .

Expected Learning Outcomes
The general aim of the workshop, online and offline, is to
convey core concepts of AI and Machine Learning algorithms. In an immersive content and language integrated
workshop, where facilitators speak only German, students
learn these concepts through an educative game, and practice their German in interaction with the games and their
peers, both verbally and in writing (on post-its, in the chat,
on the whiteboard).
Specifically for the Gradient Descent game, which was
taught in the middle of the workshop, the learning outcomes
are: to understand how the basic Gradient Descent algorithm works, what its issues are and how it connects to finding parameters in a neural network. We expect the participants to discover the method themselves, including random
start, step size connected to gradient, or problems with nonconvex or very flat loss functions.

In addition, in the on-site workshops, we used the following
games:
• Turing Game Table: play a board game and discover what
is the difference between understanding and knowing
• Perspective AI: discuss future AI applications and your
role in it
The games and its source code are releases under open licenses, so they can be copied, adapted, and re-used in any
educational or commercial contexts. At the moment of writing the paper, we offer free Early Access4 to all tools upon
prior email registration.
As of February 22 2022, the tools will be directly available on the website www.i-am.ai, accompanied by a detailed
workshop curriculum.

Description of the Resource
Gradient Descent is a browser-base game developed by
Christian Stussak and Eric Londaits and based on the idea
and prototype of Aaron Montag, all team members of
IMAGINARY. The game is inspired by the design of early
Atari video games of the 80’s. It uses very few colours on
black background and is based on a vector aesthetics, even
using its own vector font.

AI Concepts Addressed
The game Gradient Descent addresses the gradient-based
optimization method with the same name, which we will describe briefly in the following.
Gradient Descent is an optimization algorithm for finding
a local minimum of a differentiable function. In the context
of deep learning algorithms, it is used during the training
phase of the Neural Network.
By training neural networks, we essentially mean we are
minimising a loss function. The value of this loss function
gives us a measure how far from perfect is the performance
of our network on a given data set.
Our aim is to find those parameter values that minimize
the loss function as far as possible.
The Gradient Descent method, introduced already by
Cauchy (Cauchy et al. 1847), is usually initialized at random in parameter space and subsequently follows directions
of decreasing loss. As this means to follow the (negative)
gradient of the function as the direction of steepest descent,
the method was called ”Gradient descent”.
This approach lacks a global progress criteria, which leads
to descent into one of the nearest local minimum. Since the
loss function of deep neural networks is non-convex, the
common approach of using gradient descent variants is vulnerable precisely to that problem. To determine how bad this
4

Features. The game can be played in single-player mode5 ,
against a bot or in multiplayer mode. Pedagogically, we recommend to first let students try out alone, then discuss the
outcomes and ideas of all players, and afterwards continue
with the multi-player mode6 including computer bots for
a more competitive experience. The purely browser-based
game can be put on full-screen using the rectangle symbol
on the top right. The game is customizable via URL parameters to adjust properties as having a menu or only 1 player
mode, amount of time per game, amount of trials per game.
The goal of the game is to find the treasure hidden at the
deepest spot of the ocean. A boat displayed on the top can
be controlled with the arrow keys left/right or the coloured
triangle buttons left/right located at the bottom of the screen.
With arrow key down or pressing the circular button, the
boat releases a probe to the bottom of the ground at the current position. This way, it works with mouse, keyboard or on
touch screens.
The immediate feedback of the player is the gradient of
the sea ground surface (= loss function) at the point where
5
6

https://bit.ly/3h8mPA8
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https://www.i-am.ai/apps/gradient-descent-vg/
https://www.i-am.ai/apps/gradient-descent

the probe hits the ground. Through this, the player gradually
increases the information he gets on the shape of the ground
surface.
The built-in challenge is that, depending on the level, the
player either has a certain amount of trials (probes) and/or
time to find the treasure.
Aspects of competition. In the multi-player mode, two
human players can play at the same time, competing in the
treasure hunt. There are three different computer bots available, which can be added to the human player/s. The easy
bot releasing probes at random positions, the medium bot,
which applies a standard gradient descent method on its own
discovered gradients, adding a random jump if stuck at a local minimum, and the hard bot, which takes into account all
discovered gradients of all players.
The treasures are represented with funny non-possible
mathematical items, i.e. you find the last digit of π. The
ocean ground representing the loss function is generated randomly based on certain criteria of smoothness and local minimal. Information on the sea level generation and all source
code and configuration details can be found at the game’s
Github repository7 .
There is an interactive instruction video available at https:
//www.i-am.ai/virtual-tour.html, choosing the 3 - Gradient
Descent video in the top menu.

Figure 1. Screenshot of the Gradient Descent Game during
an online workshop. The educator uses a virtual pirate costume and enabled collaborative drawing on top of the game
screen.
.

Workshop Implementation
The Gradient Descent game is introduced by the facilitator in the middle of the workshop, so at session 2 or session 3 in a 4-5 session workshop. Prior to that, students have
been familiarized with the concepts of training of a Neural
Network through the games ”Neural Numbers” and ”Simple
Networks”.
The introduction of Gradient Descent is accompanied by
a short storytelling component, which involves ”a pirate lady
who lived 300 years ago in the Caribbean and hid an unimaginable treasure at the deepest point of the sea”. The story is
accompanied by virtual or real pirate costumes, see Figure
1.
Then, the participants play the one player game on their
own or in small groups and report the names of the found
treasures. After playing several times, the participants are
gathered and were asked to describe their strategy or to just
to discuss, how they play. Where do you start? How do you
react on the gradient discovered? What do you do when you
are in a local minimum?
In a next step, the participants are asked to draw their own
sea ground, where finding the treasure at the deepest sport is
as difficult as possible. Using Zoom, drawing of the ocean
floor is done on a collaborative whiteboard. The sequence of
the individual steps of the algorithm can also be added by
hand drawing to the game.
The multi player game is now introduced. The participants are asked to discover the behavior of the computer
bots. The overall Gradient Descent method and its challenges are part of a joint discussion.
7

Figure 2. Screenshot of the Gradient Descent Game showing the treasure in a setting with one local and one global
minimum.
.
A the end, the connection between the loss function and
the ocean ground, and the parameters of a neural network
and the position of the boat is given by the workshop educators.

Workshop Participants
Participating students came from schools of the PASCHnetwork(Pasch Initiative 2021), an international network of
schools engaged in motivating students to learn German.
Schools were spread around 30 countries around the globe,
and had very heterogeneous profiles, e.g. some focused on
language education, but some also offered more STEM education opportunities.
Students had previous experience with CLiLiG workshops, but little to no prior exposure to CLiLiC activities
in STEM subjects. In particular, students were not required
to know the mathematical terms of derivative or local minimum.

Target Age Group and Language Proficiency Level
Participants of our CLiLiG immersion workshops were aged
14-17 and had achieved an upper elementary to intermediate proficiency in German, A2-B1 in the Common European
Framework of Reference for Languages (Council of Europe

https://github.com/imaginary/gradient-descent
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larly high ratings. Written feedback includes8 :

2021). All participants had actively applied to take part in
our workshops through their schools. Some schools hosted
our workshops during teaching hours, others as special activities after their normal school day.

I loved this game, because it was interesting to find
those treasures!
Many thanks for this informative session, I had a lot
of fun and learned a lot.
I really enjoyed it! And I love the pirate hat!
Great! I will show it to my brother as well.

Student Learning and Feedback
Student pre-knowledge and pre-workshop expectations
As outlined above, students registered by their own motivation. They knew it would be a extracurricular CLiLiG immersion activity about AI, but not more. As the majority of
the schools we cooperated with had a focus on language
learning, students’ main motivation for joining our workshop was often the aspect of practicing their German knowledge in conversation with a native speaker.
In this light, it is not surprising that at the beginning
of our workshop, students’ answers to the question ”where
are artificial intelligence products used in our life today?”
were quite mixed. On the one hand, many students mentioned autonomous driving, you tube recommendations or
chatbots. Other answers indicated that students were identifying the terms ”statistics”, ”data science” and ”artificial intelligence”: for example, a common answers was ”to make
statistics”, or ”to order information”.
Even among students from the same city of origin and
similar age, the pre-knowledge varied greatly. While some
students have had little exposure to technical topics and e.g.
were mentioning both answering machines and chatbots as
similar technical innovations, other students already have a
much clearer picture, mentioning AI products such as virtual
assistant systems, automation and digitalization in industrial
production or Chess computers.

Discussion: Learning through Gaming
The student feedback and their reaction and activeness during the online workshops confirmed both the advantages
and disadvantages of inquiry-based learning approaches. To
start with an example, our simple networks game, a classical problem-based learning task, was perceived as hard and
dry, despite it was very easy to play and contains very clear
instructions on the task. This game introduces the building
blocks of a Neural Network and explains terms needed for
training, such as neurons, parameters, and bias. In each level
of the game, the player has to find the right parameters for
a given mini-network with 3-8 neurons. In this activity, the
mathematics was very visible and the educational aspects
were greater than the design or gaming aspects: Simple Networks contains no special design, no score and no competition, but merely posed a task to find the correct numbers for
each parameter.
On the other hand, across all workshops, independent
of the pre-knowledge of students, the game Gradient Decent was highly appreciated and considered as easy to learn
and understand. The pirate and storytelling approach helped
to spark curiosity for this module, and humorous scenes,
i.e. when all participants found mathematical treasures with
their virtual eye patches on, created a positive learning environment and a motivation to continue.
The optics and navigation as an authentic game was perceived as pleasurable and fun to play, and the treasures to be
revealed at the global minimum of the loss function provided
a reward and motivation to continue.
Participants discovered the basic gradient descent algorithm on their own through playing, which gave them motivation to take part in the discussions, where e.g. issues of
local minima were discussed through drawing tricky ocean
floors. Some participants reported to our facilitators at the
following session that they continued playing after the workshops, either against the computer bots or involving family
members.
Our lessons learned from the workshops conducted was
therefore that a well-thought game environment increased
the motivation of students, while a more classical problembased learning task with low gaming factor did not.
The open question is, however, how to relate the idea of
gradient descent in the one-dimensional case to the very
high-dimensional setting of neural networks. This question
was occasionally posed by students and answered by the facilitator in a non-technical way, however, we have yet to find
a game environment which could convey this better.

General Student Feedback
Feedback was collected in written form from students with
higher language proficiency, and through 1-click 1-5 star rating for students with less good German skills. In general, our
learning games were positively received and achieved an average of at least 4.0 in a 1-5 star rating. The next section
discusses this in more detail.
Regarding CLiLiG aspects, students mentioned as very
positive the new vocabulary they were exposed to and the
possibility to listen to and speak with experts. However,
some students felt that the vocabulary used was quite complicated. For example, the English word ”probability” reads
in German ”Wahrscheinlichkeit”, which is a difficult word
due to its length, pronunciation and orthography. Also, some
students wrote that they felt sad about their own difficulties
with speaking German in a non-standard classroom situation. Often, the written communication through chat, whiteboard or digital post-its was dominant during the workshops.
Sometimes negative comments appeared on sideconditions, e.g. a sub-optimal workshop time, or various
pandemic-related comments, e.g. problems with internet
connections, or, for groups who were joining as a school
class from their school premises, the obligation to wear facial masks in the classroom.
Regarding Gradient Descent, this game received particu-

8
Original feedback in German was translated to correct English
by the authors.
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Figure 3. First playable prototype of a two dimensional version of the Gradient Descent game.
We are aware, that this game represents a simplified version of the real gradient descent algorithm and that we took
certain decisions to make the game enjoyable. In the real
gradient descent algorithm, there is for example no memory of previous steps taken and no prior knowledge of the
maximum possible depth.

Conclusion and Future Work
To summarize, the example of the game Gradient Descent
has shown that it is possible to design an activity which explains a mathematical algorithm, which uses the concept of
derivatives, to students who do not have this prior mathematical knowledge. It was furthermore shown that the motivational component of a game is very attractive to K-12
students.
We are now experimenting with offline versions of the
game, where students can play on a sheet of paper. This
way, the tool can also be used in environments with less digital or tech infrastructure. Additional material, as worksheets,
will be added within the project of creating a massive open
online course (MOOC), based on our tools. It is a collaboration with the open German AI teaching video platform
KI-Campus. We did first tests with a two-dimensional versions of the game, see Figure 3, and plan to add variants
of the gradient descent method, foremost stochastic gradient
descent. A still important open point is how to better connect this game to our other tools, such that we can explain
the role of gradient descent inside neural networks in detail
and understandable for all. Furthermore, we plan to conduct
a quantitative evaluation with the students on the impact of
learning via our approach.
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