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A Model and Pipeline for Interactive Simulation of Morphological Biology
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Julius-Maximilians-Universität, Würzburg
{andreas.knote, sebastian.von.mammen}@uni-wuerzburg.de

Abstract

In this work, we present our current efforts towards a com-
prehensive, human-in-the-loop modelling framework for the
study of complex morphogenetic systems. The state of our
physical cell model providing localized surface-based inter-
actions and built on top of a real-time capable particle-based
physics engine is summarized. We further outline our long-
term concept towards an integrated pipeline for automated
model generation and refinement based on empirical data
and human-in-the-loop simulations. With it, we strive to
seamlessly integrate with a biologist’s workflow, for exam-
ple through appropriate import and annotation tools for em-
pirically obtained data, and intuitive and accessible tools and
languages for behaviour description. To integrate the differ-
ent software components into a real-time interactive system,
we use UnrealEngine4, a state-of-the-art game engine.

Introduction
We aim to provide an interactive, immersive, and real-time
framework for the modelling and simulation of morpho-
genetic systems, see Figure 1. At its core, our concept en-
visions a cell-centred simulation approach, where biologi-
cal cells are represented as autonomous spatial agents with
explicit physical shape and local, surface-based interactions
embedded in a fluid dynamic simulation for substance dif-
fusion. This core model needs to be augmented with an ac-
cessible user interface for modelling of cellular behaviour.
By including the “human in the loop”, modelling, retrac-
ing and exploring complex system behaviours is facilitated
(Narayanan, 2011). Also, the study of and interaction with
of complex morphologies benefit from spatial visualisation
and freedom of exploration made possible by means of im-
mersive virtual reality interfaces.

In order to closely align the resulting model with biolog-
ically valid empirical data and also in order to inform the
biologists’ work, our targeted framework needs to go be-
yond offering an extensible cell model and interactive sim-
ulation mechanics. To make use of the vast amount of em-
pirical data generated by biologists, import and processing
pipelines must be provided that seamlessly tie into the bi-
ologists’ established toolchains. The user must be able to
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Figure 1: The basic components of our proposed concept.
An interactive, particle-based physical cell model (bottom)
can be programmed using accessible tools such as visual
scripting languages (middle) and integrated directly with
empirically obtained data (top). For the latter, a comprehen-
sive import and annotation pipeline is provided. Based on
this foundation, algorithms to generate or optimise models
based on empirical data and simulation performance allow
for automated model refinement.

quickly and comprehensively define and test models, and to
optimize their parameters. In addition, the integration of au-
tomated model-finding routines that mine the biological data
are highly desirable.

In this extended abstract, we support our vision with out-
lines of system components that we have already imple-
mented. In particular, we briefly present two implementa-
tions that should be merged in the near future: One that helps
to utilise biological data and another one that focusses on the
refinement of a real-time capable virtual cell model.
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Interaktive 
Simulation

BAC in ! Effects
0.3 - Slight decrease in vision performance,

of concentration and judgement
- Impaired reflexes

0.5 - Speed is miscalculated
- Vision decreases by about 15%
- Reduced hearing

0.8 - Vision decreases by about 25%
- Tunnel vision
- Reaction time prolonged by 30 to 50%
- Balance disorders

1.0-2.0 - Further deterioration of vision performance
- Disorientation and problems with spatial vision
- Significantly disrupted responsiveness
- Loss of the ability to accept criticism

2.0-3.0 - Strong balance and concentration problems
- Memory gaps and confusion
- Vomiting and muscle relaxation

at 3.0 - Unconsciousness and memory loss
- Weak breathing and loss of reflexes

at 4.0 - Paralysis, coma and death

TABLE I: The adverse effects of alcohol on the human body.

and ultimately boring experience. To keep an element of
surprise, diamonds and beer cans are randomly distributed
along the track. In order to ensure that the driver is not forced
into any obstacles, i.e. to ensure that skilled driving provides
for a smooth escape from any beer cans on the track, we
defined spawning areas for the two types of icons (which
could overlap) and allowed the spawned icons to shift and
rotate within predefined ranges. This technique is similar to
calculating potential solutions to inverse kinematics based on
time and space constraints, see for instance [10]. Cars driving
the opposite direction also add to a varied gaming experience.
They implement a simple behaviour, following a given path as
closely as possible.

The realistic demonstration of the effects of alcohol is an
important part of the model. It is based on data from the
German federal centre for health education [11]. Table I sum-
marises the physiological impairment. We focused on visual
effects. With an increase in BAC, our visual perception blurs,
gets shaky, loses colour and the edges get darker. Impacts on
our sense of hearing is another important facet. Sounds appear
muffled and less clear. Consequently, the feedback from and
the knowledge about our environment is heavily diminished.
To infer concrete numbers, we assumed a 20 year old, 1,75m
tall male driver, weighing 75kg. We further assumed a beer
can to contain half a litre of (Bavarian) beer with 5% alcohol
strength. This leads to one beer equaling about 0.3! of BAC.
The body shuts down at around 3!. As a result, collecting ten
cans of beer results in loosing the game.

There are no impediments at the beginning of the game.
The player always starts the ride sober. Intoxication first results
in a slight deterioration of clear-sightedness. Next, serious
impairments start taking effect. At 0.6!, the vision gets darker
at the edges and the hearing starts to get dull. Camera and
sound filters are used to simulate this. For instance, a fisheye
effect distorts the image and a vignette is laid over the picture
to darken the edges (see Figure 6). An increase in alcohol
results in prolonged reaction times, diminished ability to assess
speed, and heightened readiness to take risks. We translated
these changes into a faster simulation. Given the relatively long
period of alcohol degradation, the player cannot experience this
process in the game.

0.0! 0.6!

1.3! 2.0!

2.7! 3.3!

Fig. 6: Succession of increasingly low performing vision with
increasing blood alcohol concentration.

IV. RESULTS & FUTURE WORK

Different from its precursors, Drink & Drive offers a fun
and informative gaming experience about alcohol misuse in
road traffic. It implements a scientifically backed model of
perceptional and reaction impairments similar to numerous
serious, non-game simulators but it also introduces gamifi-
cation elements to engage young players. The impairment
model is based on scientifically determined facts, but the
corresponding visualisation can only be an approximation. In
general, Drink & Drive is not set out to achieve great realism
but rather to integrate the serious contents that are valuable
and the game elements that trigger intrinsic motivation to
engage the players. In particular, we tried to realise some of
Koster’s work, speaking to the users’ competence, to establish
relationships with the game contents but also social links
providing a competitive environment, and to ease the user into
playing, maintaining his autonomy as much as possible [12].

In a competition on interactive simulations, we presented
Drink & Drive to about 40 people, most of them students. They
voted the game to be the best out of 15 projects, including in-
teractive simulations about ants foraging, bee colony defence,
and medical surgery. Criteria in the competition comprised the
complexity of the scientific model, usability, and visual appeal.
As a next step, we will present Drink & Drive to a younger
subset of the target audience (at ages 14 to 18) and inquire
about their findings. We hope this study to allow for various
finishing touches before releasing Drink & Drive to the public.

There are several directions that we would like to pursue as
future work. For instance, we would like to explore the benefits
(and challenges) of using virtual reality headsets such as the
Oculus DK2 [13]. Along the same lines, we have also been
deliberating about a more natural motion-based input control
[14] – a mobile version could utilise built-in accelerometers
for steering. A mobile version would also allow for a much
wider audience to experience the benefits of driving sober.

Logistik
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- Reaction time prolonged by 30 to 50%
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1.0-2.0 - Further deterioration of vision performance
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2.0-3.0 - Strong balance and concentration problems
- Memory gaps and confusion
- Vomiting and muscle relaxation
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- Weak breathing and loss of reflexes
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TABLE I: The adverse effects of alcohol on the human body.

and ultimately boring experience. To keep an element of
surprise, diamonds and beer cans are randomly distributed
along the track. In order to ensure that the driver is not forced
into any obstacles, i.e. to ensure that skilled driving provides
for a smooth escape from any beer cans on the track, we
defined spawning areas for the two types of icons (which
could overlap) and allowed the spawned icons to shift and
rotate within predefined ranges. This technique is similar to
calculating potential solutions to inverse kinematics based on
time and space constraints, see for instance [10]. Cars driving
the opposite direction also add to a varied gaming experience.
They implement a simple behaviour, following a given path as
closely as possible.

The realistic demonstration of the effects of alcohol is an
important part of the model. It is based on data from the
German federal centre for health education [11]. Table I sum-
marises the physiological impairment. We focused on visual
effects. With an increase in BAC, our visual perception blurs,
gets shaky, loses colour and the edges get darker. Impacts on
our sense of hearing is another important facet. Sounds appear
muffled and less clear. Consequently, the feedback from and
the knowledge about our environment is heavily diminished.
To infer concrete numbers, we assumed a 20 year old, 1,75m
tall male driver, weighing 75kg. We further assumed a beer
can to contain half a litre of (Bavarian) beer with 5% alcohol
strength. This leads to one beer equaling about 0.3! of BAC.
The body shuts down at around 3!. As a result, collecting ten
cans of beer results in loosing the game.

There are no impediments at the beginning of the game.
The player always starts the ride sober. Intoxication first results
in a slight deterioration of clear-sightedness. Next, serious
impairments start taking effect. At 0.6!, the vision gets darker
at the edges and the hearing starts to get dull. Camera and
sound filters are used to simulate this. For instance, a fisheye
effect distorts the image and a vignette is laid over the picture
to darken the edges (see Figure 6). An increase in alcohol
results in prolonged reaction times, diminished ability to assess
speed, and heightened readiness to take risks. We translated
these changes into a faster simulation. Given the relatively long
period of alcohol degradation, the player cannot experience this
process in the game.
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Fig. 6: Succession of increasingly low performing vision with
increasing blood alcohol concentration.

IV. RESULTS & FUTURE WORK

Different from its precursors, Drink & Drive offers a fun
and informative gaming experience about alcohol misuse in
road traffic. It implements a scientifically backed model of
perceptional and reaction impairments similar to numerous
serious, non-game simulators but it also introduces gamifi-
cation elements to engage young players. The impairment
model is based on scientifically determined facts, but the
corresponding visualisation can only be an approximation. In
general, Drink & Drive is not set out to achieve great realism
but rather to integrate the serious contents that are valuable
and the game elements that trigger intrinsic motivation to
engage the players. In particular, we tried to realise some of
Koster’s work, speaking to the users’ competence, to establish
relationships with the game contents but also social links
providing a competitive environment, and to ease the user into
playing, maintaining his autonomy as much as possible [12].

In a competition on interactive simulations, we presented
Drink & Drive to about 40 people, most of them students. They
voted the game to be the best out of 15 projects, including in-
teractive simulations about ants foraging, bee colony defence,
and medical surgery. Criteria in the competition comprised the
complexity of the scientific model, usability, and visual appeal.
As a next step, we will present Drink & Drive to a younger
subset of the target audience (at ages 14 to 18) and inquire
about their findings. We hope this study to allow for various
finishing touches before releasing Drink & Drive to the public.

There are several directions that we would like to pursue as
future work. For instance, we would like to explore the benefits
(and challenges) of using virtual reality headsets such as the
Oculus DK2 [13]. Along the same lines, we have also been
deliberating about a more natural motion-based input control
[14] – a mobile version could utilise built-in accelerometers
for steering. A mobile version would also allow for a much
wider audience to experience the benefits of driving sober.
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Schikarski et al., 2015

Figure 2: Screenshot of the game

Interface
The following controls and information widgets can be seen on the game screen:

• info bar: at the top, shows how much money you have right now, how

much you will gain (or lose) this year, what year it is, and how many years

are left until the next elections.

• tile settings: top left, use this dialog to change the type or use intensity

of the tile(s) you have currently selected (selected tiles have a red border).

• approval bars: top right, show how happy each voter group is with you.

• turn button: bottom right, click this to advance to the next year.

• overlays: bottom left, click the leaf button to show the biodiversity

overlay, or the cog button to show the productivity overlay. Use these to

see which areas have high or low biodiversity and productivity (brighter

colours mean higher values).

The controls are as follows:

• camera movement: Scroll to zoom in or out. WASD to pan, QE to rotate

(space rotates back to default).

• tile selection: Click on a tile to select it. shift-click to select an

additional tile, click-and-drag for area selection. Double-click to select a

specific habitat.

2

(a) Separation

(b) Cohesion

(c) Alignment

Fig. 6: The aspects of basic boid behaviour as proposed by
Reynolds. Taken from [19]. Each image depicts how the
force (red arrow) that affects the boid (green triangle) in
relation to the others (blue triangles) is composed. Only the
boids that lie within a specific radius visualised by the grey
circle are considered.

Fig. 7: An in-game school of fish.

Fig. 8: The visualisation of aquatic plants. Comparison of
two models and their animated states.

Summarising, an exemplary user survey could acquire the
following data from the player:

• Age and gender.
• Level of knowledge concerning climate change and its

effects on the environment.
• Level of knowledge concerning aquatic plants and lake

ecosystems.
• Preconditions concerning video games, e.g. experience

in years or average video game playing duration per
unit of time.

• Enjoyment and excitement while playing the game.
• Experienced level of immersion.
• Ease of playing / learning how to play.
• Quantity and quality of knowledge acquired while play-

ing the game.
• Interest in the topic (before and after playing).

Within the scope of this course, it was not possible to conduct
large-scale structured play-testing with representative player
surveys. However, the game has been tested in various stages
of the prototype. Most testers stated that the atmosphere, no-
tably the music, the water colour and the animated fish, was
perceived as particularly positive. The most negative aspect
was that some testers had difficulties with the installation
process, which includes installing Julia and linking it in the
game. As a consequence, the process has been improved by
enhancing the user guidance and feedback.

IV. CONCLUSION

To summarise, one can say that based on the motivation
to teach knowledge and raise awareness of the ecosystem
in lakes and the effects of climate change on this system
in a pleasant context, a serious point-and-click video game
has been developed. The game design decisions were made
by applying state-of-the-art academical knowledge of video
game development. The player is taught knowledge in an
enjoyable way as is retrieved as a reward for fulfilling
various in-game activities. Subsequently, the knowledge is
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Serious Games

“unterhalten einen erziehungswissenschaft-
lichen oder Lernaspekt und sind nicht nur für 
Unterhaltung bestimmt” 

De Freitas & Liarokapis 2011

Definition

haben “ein Ziel jenseits der Unterhaltung” 

Dajouti et al. 2011
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Serious Games

• von Plato bis Piaget: Spielen heißt Lernen 
• die ersten Serious Games waren 

Simulationen, wie bspw. das Limonadenstand-
Spiel von 1973

Kurze Geschichte

10
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Game Engines

Code Module 
• die ein Spiel antreiben 
• unabhängig von den konkreten Inhalten 

 
Gregory 2019
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Game Engines
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Google Books Ngram Viewer, 2019
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Serious Games

• von Plato bis Piaget: Spielen heißt Lernen 
• die ersten Serious Games waren 

Simulationen, wie bspw. das Limonadenstand-
Spiel von 1973 

• erste Gestaltungsrichtlinien in den 80er Jahren 
(bspw. Melone, 1981) 

• America’s Army und Serious Games-Initiative 
2002 
 
Wilkinson 2016

Kurze Geschichte
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Serious Games

• Lobbyismus: Werbespiele, Ecogames, News 
Games,… 

• Lernen: Spatiotemporal, logisch, Fakten,… 
über alle Disziplinen hinweg 

• Training: Sensorimotor, kognitiv 
• Therapie: Physiologisch, psychologisch 
• “Welt Retten”: Puzzle lösen, Big Data,…

Ziele
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“die Verwendung von Spielelementen 
in nicht-spielerischem Kontext“ 

Deterding et al. 2011

17

Gamification

Definition
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https://www.youtube.com/watch?v=1dLK9MW-9sY

Aber wie erreicht man diese Ziele?

Lassen Sie uns drei Beispiele ansehen…
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• Bewegung (room-scale und Teleportation zu 
vordefinierten Zielpunkten) 

• Manuelle Interaktion (Hebel, Knöpfe, Münzen, 
Eicheln, Türklinken,…) 

… steigern die Immersion in den historischen 
Kontext und das Narrativ.

“Methoden, die von Agenten aufgerufen werden,  
um eine Interaktion mit dem Spielzustand zu 
ermöglichen” 

Sicart 2008

Spielemechaniken
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• Bekannte cart-Mechaniken 
• Begrenzte Rundenzeit (fordert 

sensorimotorische  Spielleistung) 
• Blutalkohol (reduziert sensorimotorische 

Spielleistung) 
• Highscore (objektiviert und normiert die 

Spielleistung) 

… lehren den negativen Einfluss von Alkohol 
auf sensorimotorische Leistungsfähigkeit.

Spielemechaniken
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• Bekannte First-Person-Shooter-Mechaniken 

… werden direkt angewandt, um effizientes 
Zerlegen von Netzwerken  zu trainieren.

Spielmechaniken
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Lernziele Mechaniken

Netzwerkzerlegung
Zielen und Schießen, 
Gesundheitsstatus, 
Boni

Performanzverlust 
wg. Blutalkohol 

Fahrkontrolle

Historische 
Umgebung und 
Narrativ

Navigation und 
manuelle Interaktion

Welche Gestaltung setzt die Ziele um?

25
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Spiele-
entwicklung

1. Konzept 
2. Pre-Produktion 
3. Prototyp 
4. Produktion 
5. Alpha 
6. Beta 
7. Gold 
8. Post-Produktion

Phasen

De
sig
n

P
rototype

Evalu
ate

Agile Entwicklung

Co
nceptualise

P
rototype

P laytest

E
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Designer

G
am
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P layer

2. Ebene der agilen 

Entwicklung

Macklin and Sharp, 2016
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Nutzerinteraktion
Domänenmodell
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Level Design

• Demographische Daten 
• Wiederholbares Experiment 
• Standardisierte Fragebögen 
• Aufgabenspezifische Performanzmessung 

 
• Analyse: Performanz vs. Schwierigkeitsstufe 

Evaluation
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Gestaltungsumgebung für Serious 
Games

Entwicklung eines strukturierten 
Szenarios mithilfe dreier 
Modellierungsschritte:
- Pädagogische Zielsetzung
- Interaktions-basiertes 

pädagogisches Szenario
- Unterhaltungselemente

Tran et al. 2010

Werkzeuge



Games  
Engineering

30

Werkzeuge ATTAC-L

• Domänen-spezifische 
Modellierungssprache

• Zwischen pädagogischer 
Gestaltung & narrativeer 
Modellierung

Van Broeckhoven et al. 2015
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4.2 Network Analysis of Game Elements 

 
Figure 2. Network diagram of game elements. 
 
Outcome of network analysis is presented on Figure 2. It describes well the richness of the game domain but it 
is not easy to read due to the huge number of detail. Network analysis illustrates clearly that the central game 
element is challenges. This is also in accordance with the general game design framework – designing 
challenges is the central point of game design and development (Adams, 2009). But also story, emotions, game 
world and intrinsic motivators play important roles. The results of network analysis are different from 
frequency analysis because the importance of a game element is not purely based on how frequently this 
element was mentioned but also how many connections it has to other game elements. 

4.3 Concept Map of Game Elements 
The network diagram (see Figure 2.) can be used for finding the most important game elements and for 
discovering connections between elements, but a clearer representation of the connections is needed for 
design purposes. For this reason, the concept map of game elements was created (see Figure 3). This map is 
created in order to understand how one game element can be used to generate others. It is wrong to say that 
some game elements are in lower level and other in higher. For example in this chart player is in the lowest 
level but without the players there is no game. All game elements are equally important but depending on 
what kind of experience the designer wants to create, different sets of game elements can be selected.  
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Figure 2. Learning and game mechanics used as the basis to construct the LM-GM map for a game 

 
The LM nodes illustrated in figure 2 are a non-exhaustive list of learning mechanics that have been 
extracted from literature and discussions with educational theorists on 21st century pedagogy, 
considering a variety of educational theories (e.g., constructivism, behaviourism, personalism), in 
particular those closer to game education (Keller, 1983; Gagnè, 1992; Papert and Harel, 1991; Brainerd, 
1978). In the same manner, the GM nodes were obtained by reviewing articles on game mechanics and 
dynamics, and they represent the backbone of many game theories (Järvinen, 2008; Sicart, 2008; 
Bellotti et al, 2009a; Bellotti et al, 2009b; Connolly et al., 2012). Proper combinations of these 
mechanics may be applied in several SG application domains, from languages to science, humanities 
and arts. 
 
Application 
For simplicity, the reading of the LM-GM model can be viewed as having two axes. On the horizontal 
axis lie the learning and game mechanics analogous to a breadth-first search. Core components run 
vertically down from the two root nodes (of learning mechanics and game mechanics respectively) in a 
manner similar to a depth-first search.  Side or leaf nodes represent functional mechanics supporting 
the core.  
 
From a pedagogical perspective, one would argue that how a user learns is, in essence, more important 
than the domain specificity of the medium through which the learning is performed. Based on Bloom’s 
theory (Bloom, 1956), a simplified framework/ classification (Table 2) organised in line with the digital 
taxonomy of Anderson and Krathwohl (2001) can be used to link commonly found game mechanics to 
learning mechanism. As an example, this table emphasises upon task-centred learning rather than 
cognitive learning. Indeed, a game can be seen as a continuous assessment of gained knowledge as the 
player proceeds from level to level. 
 
So, a user of the model should identify which LM and GM are (or should be, in case of design) used in 
each game situation (among the ones listed in Figure 2), describe their relationships and implementation 
(e.g., Table 3) and show on a map their dynamic appearance during the game flow of actions (e.g., 
Figure 3). 
 

 

 

 
Table 2. Classifications based on Bloom’s ORDERED Thinking Skills 

 
By exploring the LM-GM model, the GALA network aims to address the mismatch between game 
mechanics and educational components at the design and development level. The model enables further 
questioning as to whether the games should adapt to existing pedagogical practices or whether they 
should be used to change practices since they form an entity which functions to educate and entertain 
through a single compelling experience. The impact from the SGMs investigations would draw out 
larger research themes on the intersections of games and pedagogy (both traditional and new). It will 
also pave the way for a toolset rather than a black box for designing content specific SG. It is important 
to note, though, that the LM-GM framework is not a formulaic means to design SGs. The purpose of 
the LM-GM is to support working with SGMs by functioning as a regression tool for developers and as 
analytic tool for those interested in studying the mechanisms joining pedagogical and game features. 
 

Case study: LM-GM as an analysis tool  
In this section, we describe a case study aimed at showing how to apply the framework in the analysis 
of the relationships between pedagogy and game mechanics in a state of the art SG such as Re-Mission 
(Kato et al., 2008).  
 
Re-Mission is a game of the third-person-shooter (TPS) genre set within the bodies of young patients 
diagnosed with cancer, in which the player is tasked with aiding a virtual patient combat the disease 
and its effects. This game was chosen given its popularity and acknowledged effectiveness in the field, 
and because of the need to understand better whether its game mechanics at their implementation level 
are inherently pedagogically beneficial. Reported works (Kato et al, 2008; Tate et al, 2009, Wouters et 
al, 2011; Cole et al, 2012; Mader et al, 2012) on Re-Mission often do not sufficiently specify measures 
related to productive learning as a result of the game mechanics. Indeed, in several SGs, extraneous (i.e. 
pedagogy-independent) game mechanics are often designed to enhance game play. Consequently, 
learning occurs only tangentially, and mainly due to the contents. However, providing contents non-
related with game mechanics (e.g., by inserting long texts, almost independent from the actual game 
play) leads to games that are boring or not able to achieve their educational target. In this context, we 
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“eine Menge an Konzepten und Kategorien einer 
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