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Abstract

Models are a universal instrument in science, technology, and daily life. They function as instruments in almost every scenario.
Any human activity can be (and is) supported by models, e.g. reason, explain, design, act, predict, explore, communicate,
collaborate, interact, orient, direct, guide, socialises, perceive, reflect, develop, making sense, teach, learn, imagine, etc. This
universal suitability is also the basis for a wide use of models and modelling in Computer Science and Engineering. We claim
that models form the fourth dimension in Computer Science. This paper sketches and systematises the main ingredients of

the study model and modelling.

Keywords Model - Study of models and modelling - More

Mathematics Subject classification Primary: 68MO1 - Secondary: 68Q01 - Tertiary: 03C50 00A72

1 Introduction

Computer Science and Computer Engineering use models
as one of the main tools. They cannot be taught and prac-
tised without models. This situation is similar to practices
in many sciences, engineering, and daily life. Every object
and every idea can be used as a model in an application sce-
nario if it becomes useful as an instrument and functions in
this scenario. Through this use and function, an object or
idea becomes a model, at least for a certain or long time
for the respective model user in its context and environment.
Models, therefore, actually tell something about the use, the
function, the scenario and the users without this being explic-
itly seen in the model. Being a model of an object or idea also
explains a lot about the object or idea.
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1.1 Models, models, models: we are surrounded
with models

We concentrate here on models and modelling in Computer
Science. One reason for the omnipresence of models is the
complexity of systems. One might claim that Computer Sci-
ence is model-polluted. This claim is close to reality. Models
are a central instrument. We claim that models and models
are as central as the notions of state, transformation, and col-
laboration. These three notions can be considered to be three
central dimensions of Computer Science. We claim that there
is a fourth central dimension of the same weight and impor-
tance: models and modelling. There are two dimensions that
are evolving in our area but did not get yet an appropriate
appreciation: approximation and human—computer interac-
tion. This paper concentrates on the main message:

Main statement: Models and modelling is the fourth
dimension of Computer Science!

This message is at present far from being widely accepted
although everybody uses anytime for any reason in any activ-
ity models—but may be named differently.

At the same time, hundreds of different notions of models
are given in the literature. It seems that they are so differ-
ent that no common notion of model can exist. There are
three approaches to the definition of the notion of mod-
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els: phenomenology on the basis of three central properties
(mapping, abstraction, pragmatism); models as constructions
with a usage spectrum according to the subdiscipline; general
studies of models and modelling. We prefer the third direc-
tion and introduce a general but generic notion of model.
The generic notion is based on refinable parameters. This
notion can be adapted to the specific usage and subdisci-
pline by configuring the parameters and concentrating only
on those parameters that are central for model application
while assuming that the configuration defines the rest.

1.2 The three dimensions of mathematics as a
starting point

Mathematics has been considered to be almost unteachable
due to the missing paradigms, postulates, and structuring
on the entire discipline in the middle of the last century.
The redevelopment of Mathematics by the Nicolas Bourbaki
group [1] led to a structure-oriented redesign of Mathemat-
ics. This group found that Mathematics has three guiding
dimensions: algebra, order, and topology. These dimensions
allow areconsideration of each subdiscipline of Mathematics
as a specific expression in the three dimensions.

We might ask whether Computer Science can also be
characterised by similar dimensions. The redesign of the
computing paradigms started with [2] and led to a small
number of principles [3]. Since Bourbaki, many scientific dis-
ciplines got their systematic underpinning. We envision that
such dimension treatment can also be developed for modern
Computer Science as well as for Applied Computer Science
and Computer Engineering.

1.3 Models and modelling in computer science and
engineering

A central observation for models is that anything can be con-
sidered as a model for some time in some context in some
application scenarios by somebody. It seems that model-
being is so broad that general studies of models are infeasible.
There is, however, a central property for model-being: useful-
ness. While concentrating on this property we may introduce
a generic notion of models.!

Definition 1 (Generic notion of model) A model is a well-
formed, adequate, and dependable instrument that represents
’something’ (called origin as a source, archetype, starting
point) and functions in scenarios of use.

The criteria of well-formedness are often considered a
specific requirement of the modelling language or more gen-

! Generic notions have the advantage of being easily to refine due to
the explicit integration of adaptation features. General notions are often
difficult to handle. Notions that are too specific distort the view of the
essential.
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erally of the model formation. The criteria for adequacy are
(1) analogy (as a generalisation of the mapping property,
which forms a rather narrow kind of analogy), (2) focussed-
ness (as a generalisation of reduction to central properties or
abstraction), and (3) usefulness (or purposiveness) (as a gen-
eralisation of classical pragmatics or substitution properties).
Dependability is often concealed, implicit, and yet central
part of the model-being of objects and ideas. A model has to
be justified or viable and has to be of a sufficient quality.

Well-formedness is a specific modelling language require-
ment for model’s convenience and ease of use and under-
standability. It enables an instrument to be justified by
an empirical corroboration according to its objectives, by
rational coherence and conformity explicitly stated through
conformity formulas or statements, by falsifiability or vali-
dation, and by stability and plasticity within a collection of
origins. The instrument is sufficient by its quality character-
isation for internal quality, external quality and quality in
use or through quality characteristics. A well-formed instru-
ment is called dependable if it is sufficient and is justified
for some of the justification properties and some of the suf-
ficiency characteristics.

We notice that all properties are parametric and can be
refined in dependence of their envisioned function in scenar-
ios of use. Configuration is a typical refinement in modelling.
It can be based on a characterisation of the nature of the
model, on an embedment into the application landscape
and their scenarios, on strategic plan for achieving mod-
elling objectives, and on tactical supporters and enablers for
attaining objectives. The nature of a model is given by its rep-
resentation of origins and its functioning as an instrument.
The landscape of a model embeds the model-being into the
application scenario. A simple landscape characterisation is
based on the mission and the brand of a model (see [19]).
Strategy is given by the form of usage (i.e. mould) and the
model background (i.e. deep model). Tactics is based from
one side on enablers such as languages and workshop tools
and on the other side on supporting means from the appli-
cation area, e.g. knowledge, concept spaces, grounding, and
basis. The nature, landscape, strategy, and tactics are com-
bined into the configuration of the model.

Definition 2 (Configured notion of model) Given a configu-
ration for modelling. A disciplinary model is a model with
a pre-configured adequacy and dependability that functions
according to the configuration requirements.

A typical configured notion of a model has been given by B.
Mahr in one of his talks [13,16]: “We place models between
ourselves as perceiving, recognising, understanding, judging,
or acting subjects and the world as perceptible, observable,
effective, to be judged or produced exterior. The impact of
models results from the role that models play through their
transport function in work processes, cognitive processes,
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business processes. The power of models is the result of their
power to act”.

Models are typically integrated into the subdisciplines
where they are used. For instance, conceptual database struc-
ture uses the conceptualisation framework accepted in the
database community.

Definition 3 (Subdisciplinary notion of model: Conceptual
database model) A conceptual model is a concise and pur-
poseful consolidation of a set of concepts that are presented
by means of terms in a predefined linguistic format. As such
it establishes a view of a given notion space [16].

We further explore this approach in Sect. 3.

1.4 The agenda: models and modelling research

The main issue of this paper is to show that models and
modelling form essentially the fourth dimension of Com-
puter Science. We should ask first whether such systematics
is necessary and useful before we are going to introduce main
conceptions of studies of models and modelling. Our answer
will be: because of modelling is a perspective subdiscipline of
Computer Science; it is a silver nugget that is not yet uplifted
but will fully change the discipline.

The literature on modelling is fairly rich. For this reason,
we use here only essential citations needed for this paper.?-3
We do not aim to introduce studies of models and modelling
as a novel subdiscipline of Computer Science (see [23]).
Instead, we concentrate on the main message. Also, we do
not reflect the state-of-art in Computer Science, its myths
on models and modelling, its claims against modelling, it
hundreds of variants of a notion of model, its rich body of
knowledge on modelling, and essentials of model-based rea-
soning.

At the same time, some CS/CE branches claim that they do
not need any model or modelling. Considering these branches
in more detail, we observe however that they do not use the
word “model” but are intensively modelling.

2 We advice for first reading contributions made by Frank (e.g. [6,7]),
Kaschek (e.g. [11]), Mahr (e.g. [14,15]), Stachowiak (e.g. [21]) and
many others.

3 We refer to the bibliographies in [10,17,18,24] or more specifically
[12] for databases. Our incomplete bibliography on model research
since 1400 AD contains more than 4.000 entries. We know another
500 publications that have been written before. A survey on conceptual
modelling is given in [5,22]. Collections of Model-to_Model-Modelling
papers published by our team can be downloaded from academia.edu
or research gate, e.g. [23]. We plan a fourth collection of 2020/2021
papers as well. Videos on the state of the art are collected in the YouTube
channel “Bernhard Thalheim”.

Society
Topology

Social ces

Crystal aphy

Individual Evolution

Geometry Symmetry

Fig. 1 The three structural principles in social science and crystallog-
raphy

2 Modelling is the fourth dimension of
computer science and engineering

2.1 Dimensions well considered So far

Let us continue with the Bourbaki story. Similar guidance
has been developed for quantum physics, social science, and
branches of natural science, e.g. crystallography. Figure 1
illustrates some dimensions.

Following the Great Principles initiative [3,4] and [25], we
can distinguish three dimensions of computer science: states,
transformation, and collaboration. The fourth dimension is
often underestimated but not less important: models (Fig. 2).

Computation is considered so far as state transformation.
Computing can be understood as the science of informa-
tion processing instead of programming, graphics, networks,
supercomputing, etc. Computing is a science of the natural as
well as the artificial. The initiative discovered that main con-
cerns of computing are: computation (meaning and limits of
computation), communication (reliable data transmission),
coordination (cooperation among networked entities), rec-
ollection (storage and retrieval of information), automation
(meaning and limits of automation), evaluation (performance
prediction and capacity planning), and design (building reli-
able software systems). Different subdisciplines of computer
science treat these principles in a different way.

Systems are never completely monolithic. They consist of
interacting components. The disciplinary orientation under-
stands interaction as some kind of collaboration. So far

State Transformation
100 100
0
100 100
Collaboration Model

Fig.2 The general picture for the four dimensions of Computer science
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we straiten human behaviour into this schema and squeeze
together human behaviour and machine operating.

A dimension that has not found its proper entry into
our discipline is approximation. Approximation is the fifth-
dimension orthogonal to states, transformation, and collab-
oration. Approximation replaces a system by another which
is close to the given one with some tolerance measure. It
allows to reduce a system to a simpler and more convenient
one. The approximation is not exact but is near enough to
the correct result for some specified purpose. We expect that
modern applications such as internet technology have to use
humanisation as the sixth dimension in order to cope with
modern interdisciplinary tasks.

2.2 The role of models and modelling

Each subdiscipline of Computer Science uses models to
certain extent. Modelling aims at development of mod-
els for construction (often called design), for explanation
and demonstration, for documentation, for management, for
optimisation, for verification or validation, for control, for
simulation, and for substitution of systems or aspects of them.

The first three dimensions are interwoven. For instance,
central concerns in database management are states and state
transformation. The fourth dimension is also interwoven with
the other three. Models scope and focus to the essentials
and allow us to restrict attention and to construct systems
in a thoughtful way. Models allow us to avoid complexity,
to concentrate first on the most important issues (pragma-
tism), to ‘dream’ on system extensions not yet observable or
developed (amplification), to improve the physical world or
for inclusion of visions of better reality (distortion) to extend
systems for modernisation and improvement (extension), and
to abstract from the current state by an ideal state of affairs
(idealisation).

The most important reason for model usage is complex-
ity reduction according to human mental abilities. We order,
categorise, generalise, abstract, and stereotype our thoughts,
insights, and ideas about our environment in a methodolog-
ical mould in such a way that our models, macro-models,
meso-models, and micro-models can be mapped to operat-
ing mechanisms.

Computer Science research often uses claims and argu-
ments against modelling. A common misbelief is that the-
oreticians, researchers, and developers do not need models.
They can develop their ideas and thoughts without modelling.
Another claim is often made is that the code is the model. We
ask ourselves ‘of what’? Additionally, already code is then
something like a plan and presentation of ideas. Looking a
bit more close to these claims and myths, we have to realise
that all are entirely wrong.
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Fig.3 Elements of the dimensions of Computer science

2.3 Elements of the dimensions

Figure 3 shows main elements of the first three dimensions
of Computer Science. We may enhance the second dimen-
sion by approaches to a general treatment of computation
[3]. The picture is more complex than shown. The classifi-
cation of elements is based on approaches in the small and
in the large. For instance, states can be investigated in the
small as states of data/events/controls and in the large as the
state of the system, e.g. with its structuring. Similarly, we
may distinguish elements in the large and in the small for
transformation and collaboration. Collaboration is definable
based on the 3C approach: communication, cooperation, and
coordination. Following the database methodology, we dis-
tinguish for models between the specific model elements and
the general approaches.

2.4 A Small Case Study about the Dimensions

Let us reconsider the discretised Kiviat in Figure 2. The util-
isation of modelling techniques can be measured form 0 to
100. We may analyse whether models are necessarily used,
could be used at present, and could be used in future. Let us
try to survey how models and modelling are used in subdisci-
plines. Let us start with a personal and rough view according
subdiscipline of database and information system analysis,
design and development in Fig. 4.

The inner blue quadrilateral shows the necessary, the mid-
dle blue on the potential at present, and the outer green
one some forecast. This subdiscipline makes intensive use
of models.
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State Transformation
100 S 100

100

Collaboration

Fig. 4 The orientation of research and practice in the DB and IS sub-
discipline
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Fig.5 Concerns for Theoretical Computer Science

Our personal picture in Fig. 5 is completely different for
Theoretical Computer Science. Modelling is not yet really a
concern but should be.

It has, however, a real potential and capacity that has to
be properly used.

In a similar way, we can draw Kiviat graphs for all sub-
disciplines of Computer Science, e.g. software engineering
and communication systems. Let us briefly discuss Business
Informatics in Fig. 6 which is additionally an engineering dis-
cipline. Modelling is already a well-accepted techniques due
to the complexity of systems in Applied Computer Science.

Engineering as the approach to create the artificial [20]
is based on models as a starting point for construction, as a
negotiation means for tolerance of failures, as a documenta-
tion of the construction, as a means for developing variations,

State Transformation
100 100

100 100

Collaboration Model

Fig.6 Concerns for business informatics

as a thought and imagination instrument, and as an arti-
fact within the creation process. The same situation can be
observed for Business Informatics. As an applied discipline,
itinherits whatever has been done in other subdisciplines, e.g.
in the DB and IS subdiscipline. The sixth dimension became
also important in this subdiscipline.

We may now summarise our observations* and visions
about model usage in Table 1. Let us order the actual usage
by aranking @ > @® > ® > @ > @ and forecast model usage
in the next future by . The small case study above shows
that modelling and models have to be used far broader and
far more systematical.

Summarising, we envision that models and modelling will
have far more importance in future. Even more, we envision
the development of a new subdiscipline: studies in models
and modelling. We should, thus, discuss issues of this sub-
discipline far more broader.

3 The discipline of modelling
3.1 CS Modelling is so far an art or handicraft

Computer Science is based on thinking about systems that
exist and operate in time and space. Models are then simpli-
fied, parsimonious, and effective representation of a system
or parts of it at a particular period of time and space.
Modelling already became a subdiscipline for developing
a level of understanding, of complexity handling in detail
or dynamics, of mastering, of (re)building and modernising,
of reasoning about, of collaborating in teams and machine

4 The situation has not changed much in this century. See also the
consternation expressed by Hesse [8,9].
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Table 1 Maturity and

L : Lo State Transform. Collabor. Modelling HCI Approxim.

exploitation of dimensions in

some subdisc.iplines of Theor. CS ® ® ® 7 ® ® ®

Computer Science
Techn. CS ® ® @ ® ® ® 7
Basic data types ® ® @ O34 @ ®
Algorithmics ® 7 ® ® / ® /7 @ ®
Programming ® 7 ® ® ® 7 @ ®
Operating systems ® ® ® ® @ )
Distributed systems ® ® ® ® @ )
Real time systems ©)] ® ® ® 7 ® (O
System SW ® ® ® ® @ )
Compiler ® @ ® ® @ @
SW engineering @ @ ® @ 7 ® @
HCI ® ® ® ® S ® ®
Graphics @ @ ® @® 7 @ ®
Information systems ® @ ® @ @ @
Business inf./ACS @ ® ® ® ) )
Legal @ @ ® ® @ @
Standards ® ® ® ® ® )

environments, of organising, and of quality proof of systems
or parts of it. Modelling is already a subdiscipline, it is also
very much an art form with very different treatment depend-
ing on the main subdiscipline. It seems that the diversity and
heterogeneity is so high that no common understanding can
be developed. It seems that very different kinds of models do
not have too much in common. Modelling seems to be a craft
or handicraft. Modelling seems to be a skill acquired through
experience in developing and utilising a model. Thus, model
usage seems to be a matter of skills, i.e. a craftsmanship.

In support for our claim that modelling is the fourth dimen-
sion of Computer Science, we have to develop the discipline
of studies of models and modelling. The study of models and
modelling based on a general foundation (1) to be used as a
systematic, methodological and well-founded starting point
for a general ‘Modellkunde’ (‘modelology’), and (2) on a
craftsmanship of modelling within studies of models. One
might claim that it should be a science. This maturity level
is, however, not yet achievable. What is, however, achiev-
able is a systematics development of a model and modelling
culture.

3.2 Studies of models and modelling: design

The study of models and modelling may be based on a general
understanding of a model. As already discussed in Sect. 1.4,
we base our proposal for the study of models and modelling
on the Kiel model house [24]. Figure 7 displays different
components of the model starting with the generic notion
of a model. The parameters in the notion are adaptable and
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can be instantiated according the specific kind of model and
specific usage of the model.

Parameters can be treated on their own and as a com-
plex. Observing the model application in Computer Science,
we may handle the parameter setting as a canonical one in
dependence on the application area. This approach yields in
stereotyped modelling and model usage as it is already typi-
cal for most branches and subdisciplines.

For instance, database structure modelling reuses practice
in the given subdiscipline. The nature of the model is deter-
mined by the usage as an instrument. The landscape is based
on the application scenario or sphere for models with an addi-
tional setting for the general context and the community of
practice. In the given subdiscipline, we accept the general
system setting, the model methodology or mould, and the
commonsense, i.e. the disciplinary matrix. Additionally, we
reuse the practices that have been successfully used so far, i.e
enabling meas such as languages and supporting means such
as the disciplinary background. The last ingredient forms
some kind of a tactical workshop.

Figure 7 displays the canonical configuration of a model.

The light blue elements highlight the nature of a model
in the triplicity of—as—for (origins, instrument, result). The
yellow elements highlight the mission of the model. The
aquamarine elements add to this the brand of a model. The
purple elements display the strategic setting of a model.
The green elements present the tactical support and enabling
means of a model.

The notion of model can be adapted and refined by the
specific nature, the landscape, the strategy, and the tactics.
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Fig.7 The configuration of a model through the model house architec-
ture

Nature: The instrument-being (‘as’) of anything that is
going to be used as a model is based on the reflection of
all potential origins (‘of”) and the intention to achieve a
result (‘for’). A model is a reflection or representation of
origins that have a set of common properties as invariants.
which should also be present in the model and are also
be passed on to the result. The nature is oriented towards
the general profile of models, i.e. the goal, purpose and
function of the model in an application as well as the
function of the model in an application.

Landscape mission: The second perspective is the ‘land-
scape’ of the model that is based on the characterisation
of the the application and the use of the model to solve
tasks and to deliver a solution, i.e. the model functions
in the scenario according to its profile and satisfies the
invariant.

Landscape brand: Another component is the brand
who"hat wherein 5y homfor-what g5 me modeller as com-
municator hands over (who) some model (what) in some
context (wherein) to some recipient (whom) for some
given activity (action) within the limits of the invariants.
Strategy matrix: Models are usually based on previous
experiences, insights, and successes. They are embedded
in this implicit background, which can also be typical of
other models. A model community shares a ‘philosophy’
and also techniques of model development and use, i.e.
a disciplinary matrix consisting of common foundations
such as the deep model as well as forms of model use
(and development, if applicable)(matrix).

Workshop tactics: Models have a support and enabling
environment similar to a workshop. Models need support.
They integrate both donor models and the knowledge
and skills from the application field such as concep-
tual worlds. Languages enable for communication. Other

tools support actions with models. The model thinking
space is models as a tactical environment.

The landscape, strategy and tactics allow for models to have
a ‘raw’ configuration that can be used to focus on the specific
origins based on the given function in an application scenario,
i.e. to configure a model both for the transmitter and on the
other hand for the receiver. Thus, a model is prefabricated on
the basis of this configuration.

This configuration can be now considered to be a frame §
for the model.
The model as an instrument Z combines
the normal model Z s based on

relevant origins O that are really reflected as a sub-
collection of potential origins,

an additionally disputable basis Z; and other additional
enablers, and

supporting techniques for its utilisation 7°

with its configured frame §
and is

e well-formed according to some criteria,

e adequate (analogous, focused, usefulness), and

e dependable [(justified and sufficient (according to qual-
ity characteristics and evaluation)].

We may use this stereotyped form for deriving model cat-
egories according to the kind of usage ad the application
scenarios. Typical general categories are:

e presentation models: description, imagination, informa-
tive, illustration, physical, domain(-situation, documen-
tation, visualisation);

e practice models: activity, experience, instruction, pattern,
guidance, prescription, mould;

e cogitation models: reasoning, imaginary, explanation,
exploration, learning, conceptual, thought, investigative,
conceptional;

e socialisation models: orientation, cosmology, accep-
tance, maniplation, exchange, society, social being, col-
laboration, culture.

A model may belong to several categories at the same time.
Functioning of models can be stereotyped according to the
category of the model. The last set of categories is not yet so
important as the first three in Computer Science.

3.3 Studies of models and modelling: usage

Model usage has not yet been a matter of systematic studies
in Computer Science. For this reason, we sketch the usage
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has a function associated with it
in which role

in which manner

state of the world (at a particular time and place
circumstances

an event within which the Agent uses the Instrument
containing event

some gradable attribute of the Instrument or the Using act and
modifies the expected value for it.

degree
participant of the state of affairs introduced by the target as being
in some state during the action.
depictive
length of time from the beginning of a continuous situation to its end tatied
duration LELIE
proposition from which the main clause (headed by the target)
logically follows.
explanation
number of times an event occurs per some unit of time.
frequency
population within which the Using event occurs
group
any description of the intentional act which is not covered by more
specific FEs, including secondary effects (quietly, loudly), and
general descriptions comparing events (the same way).
manner
by which an Agent uses the Instrument.
means
failure or success of the Agent's using the Instrument to
achieve their Purpose
outcome
clause with an iterative interpretation, which may be signified
by the simple present tense on the main verb period of
iterations
‘where the Agent uses the Instrument.
place

‘when the Agent uses the Instrument.
time

Fig.8 Usage frame for studies of models and modelling

on the basis of our experience in the fields of information
systems and business informatics. A systematic treatment of
model usage is a rather large lacuna for future research.

We may represent the model usage in form of a frame
in Fig. 8. The core characterises the agent, the instrument-
being, and the purpose of the usage. A model may also play
a role. Usage itself can be treated on the basis of a lexi-
cal unit with a number of different facets. We may group
these facets into four main kinds of usage: apply a model,
employ a model, operate on the basis of a model, and utilise
a model. The usage may also be characterised by ‘hidden’
extra-thematic non-core elements. Peripherical element and
frame-based relations enhance the usage frame the full char-
acterisation of usage.

The usage frame of models or instruments supports a
framed specification in the left side in Fig. 8.
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3.4 Rational and non-rational model-based
reasoning

Anything can be considered to be a model. Models are, how-
ever, essentially mental products that can be materialised as
an artefact. That means that model-based reasoning is based
on various reasoning mechanisms which are completely dif-
ferent from the classical treatment in Logics, Mathematics,
and also Theoretical Computer Science.

A model must not to be true (in some kind of truth frame-
work). A model must fe useful. Usefulness is determined
by some application scenario, by the collection of origins,
by expected results, by provided means such as enabler and
supporters, by the matrix to be chosen, and for the community
of practice.
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Fig.9 Rational reasoning through and by models

All this makes model-based reasoning fare broader than
considered so far in Computer Science, Artificial Intel-
ligence, and Mathematics. Already [24] provided a case
study about model-based reasoning. Notice that model-based
reasoning is far older than Computer Science. [16] dis-
cussed examples of conceptual models that are about 4.000
years old. We claim that model-based reasoning must not
be language-based as it is assumed to be in Computer
Science.

Therefore, model-based reasoning has to cover many
kinds of reasoning that have not got an appropriate atten-
tion in Computer Science. Deduction is a well-investigated
kind of reasoning. Induction and abduction are typical
model-based reasoning techniques (combined as subduc-
tion). Models are also used for mediating between quanti-
tative and qualitative issues as for foreign injection in data
mining. Models support meta-reasoning techniques. Rea-
soning can also be based on cases and experiences gained
so far. Main rational model-based reasoning techniques are
based on plausible and approximative reasoning techniques
that are far more powerful than techniques in classical
Mathematical Logics. Figure 9 displays rational reasoning
techniques.

There are many other techniques beside rational reason-
ing that can be applied to models as shown in Fig. 10.
Typical techniques are enhancements similar to conceptuali-
sation, model inheritance from generic or reference models,
parameter hardening used for inverse modelling in physics,
model-based checking and control for systems, and simu-
lation of behaviour for some of the parameters. Cognitive
modelling is another technique that has been left out for this
paper. Shallow and deep reasoning techniques are another
lacuna for the study of models.

Typical reasoning techniques are daily life and engineer-
ing techniques as those displayed in Fig. 10.

Additionally, we have to consider reasoning techniques
for model suites, i.e. collections of well-associated models

mastery,
meta-controlled
usage

fluidity,
adaptive intuitive
renewal according
to situation

to cover up
uncertainty

nonrational

model
usage

contemplating

about actual
situation

look and feel,
corporeality

mood,
attuning oneself
to situation

Fig. 10 Non-rational reasoning through and by models

each of which displays some of the aspects and each of which
coexists with the others.

4 Conclusion

The paper starts with a controversial claim: models are the
fourth dimension of modern Computer Science. Such state-
ment needs a good number of additional deep case studies. So
far, we sketched only some cases. The branches of informa-
tion systems and conceptual database modelling have already
been completely investigated on the level of ER models.
Other branches should also be investigated properly in future.

The claim has to be based on some kind of craft, art, or sci-
ence. Snippets of a science or art of models have been given
on the basis of studies of models and modelling (‘Modell-
kunde’). The Modellkunde can be based on about 30+ theses
we do not discuss in detail in this paper and defer them to
a long version. We may use the presented elements of the
studies for a separation of models from non-models, from
never-models, and from never-instruments. The configura-
tion and categories can be applied to subdisciplinary notions
of models what eases model design, development, and usage
since we use canonical stereotypes that have already sucess-
fully been used in the past.

Due to the controversial status of this paper we call for
intensive research, for critics, for extension, and revision.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indi-
cate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the

@ Springer



18

B. Thalheim

permitted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

1. Bourbaki, N.: Foundations of mathematics for the working math-
ematician. J. Symb. Log. 14(1), 1-8 (1949)

2. Denning, P.J.: Great principles of computing. In: Wiley Encyclope-
dia of Computer Science and Engineering. Wiley, London (2008)

3. Denning, P.J., Martell, C.H.: Great principles of computing. MIT
Press, Cambridge (2015)

4. Denning, P.J., Wegner, P.: Introduction to what is computation.
Comput. J. 55(7), 803-804 (2012)

5. Embley, D., Thalheim, B. (eds.): The Handbook of Conceptual
Modeling: Its Usage and Its Challenges. Springer, Berlin (2011)

6. Frank, U.: Some guidelines for the conception of domain-specific
modelling languages. In: Proc. EMISA 2011, Volume 190 of LNI,
pp 93-106. GI (2011)

7. Frank, U.: Multilevel modeling—toward a new paradigm of con-
ceptual modeling and information systems design. Bus. Inf. Syst.
Eng. 6(6), 319-337 (2014)

8. Hesse, W.: Modelle - Januskopfe der Software-Entwicklung - oder:
Mit Janus von der A- zur S-Klasse. In: Modellierung 2006, Vol-
ume 82 of LNI, pp. 99-113. GI (2006)

9. Hesse, W., Mayr, H.C.: Modellierung in der Softwaretechnik: eine
Bestandsaufnahme. Informatik Spektrum 31(5), 377-393 (2008)

10. Karagiannis, D., Mayr, H.C., Mylopoulos, J. (eds.): Domain-
Specific Conceptual Modeling, Concepts. Methods and Tools.
Springer, Berlin (2016)

11. Kaschek, R.: Konzeptionelle Modellierung. PhD thesis, University
Klagenfurt, Habilitationsschrift (2003)

12. Liu, L., Ozsu, M.T. (eds.): Encyclopedia of Database Systems, 2nd
edn. Springer, Berlin (2018)

13. Mahr, B.: Was ist ein Modell. Der Modellbegriff in Natur-und
Ingenieurwissenschaften. TU Berlin Summer term 2005 (2005).
Accessed 3 Aug 2020

14. Mahr, B.: Modelle und ihre Befragbarkeit - Grundlagen einer
allgemeinen Modelltheorie. Erwédgen-Wissen-Ethik (EWE) 26(3),
329-342 (2015)

15. Mahr, B.: Schriften zur Modellforschung. Herausgegeben von
Klaus Robering. Brill Mentis, Michaelisbund (2021)

16. Mayr, H.C., Thalheim, B.: The triptych of conceptual modeling.
Softw. Syst. Model. 20(1), 7-24 (2021)

17. Miiller, R.: Model history is culture history. From early man
to cyberspace. http://www.muellerscience.com/ENGLISH/model.
htm (2016). Assessed 29 Oct 2017

18. Page, S.E.: The Model Thinker: What You Need to Know to Make
Data Work for You. Basic Books (2018)

19. Schewe, K.-D., Thalheim, B.: Design and Development of Web
Information Systems. Springer, Berlin (2012). Forthcoming book

20. Simon, H.: The Sciences of the Artificial. MIT Press, Cambridge
(1981)

21. Stachowiak, H.: Modell. In: Seiffert, H., Radnitzky, G. (eds.)
Handlexikon zur Wissenschaftstheorie, pp. 219-222. Deutscher
Taschenbuch Verlag GmbH & Co. KG, Miinchen (1992)

@ Springer

22. Thalheim, B.: Entity-Relationship Modeling-Foundations of
Database Technology. Springer, Berlin (2000)

23. Thalheim, B.: Models, to model, and modelling—towards a
theory of models, especially conceptual models and modelling.
Collection of Papers. https://www.researchgate.net/publication/
338685564_-Models_To_Model_and_Modelling_-_Towards_
a_Theory-_of_Models_especially_Conceptual_Models_and_
Modelling-_-_Third_Collection_of_Recent_Papers_2018-2019,
https://www.researchgate.net/publication/320688612_-Models_
To_Model_and_Modelling_-_Towards_a_Theory-_of_Models_
especially_Conceptual_Models_and_Modelling-_Second_
Collection_of_Recent_Papers_2015-2017, and https://www.
researchgate.net/publication/344510996_-Models_To_Model _
and_Modelling_-_Towards_a_Theory-_of_Models_especially_
Conceptual_Models_and_Modelling-_-_First_Collection_of_
Recent_Papers_2009-2014 (2009-2019)

24. Thalheim, B., Nissen, I. (eds.): Wissenschaft und Kunst der Model-
lierung: Modelle, Modellieren, Modellierung. De Gruyter, Boston
(2015)

25. Zimmermann, W., Thalheim, B.: Preface. In ASM 2004, Number
3052 in LNCS, pp. V-VIL. Springer, Berlin (2004)

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Bernhard Thalheim has been a
full professor of Computer Sci-
ence at Christian-Albrechts Uni-
versitdt Kiel from 2003 till 2020.
He chaired database and informa-
tion system groups since 1993. He
is a professor in Dresden, Kuwait,
Rostock and Cottbus since 1986.
His work was awarded the first
PP. Chen award by Elsevier in
2008. He is an ER fellow since
2009. He is also the honorary
Kolmogorov chair at Lomonossov
University at Moscow in Russia
since 2005. He has held visiting
professor positions in America, Asia, Europe, Australia, and New
Zealand. His main research area is (conceptual) modelling and its
foundation. He is also interested and researching in database technol-
ogy, database programming, (distributed) object-relational information
systems, business informatics, web information systems, performance
tuning and forecasting, data mining, data warehouses and OLAP foun-
dations, content management, database and information systems the-
ory, database systems and software architecture, discrete mathematics,
and logics. He has been dean, president of senates and convents, head
of departments, steering committee member of a dozen of conference,
and cochair of threescore conferences. He was one of the founders
of the ER Conferences Steering Committee, chaired it twice, and has
been a member of this Steering Committee from 1993 until 2012.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.muellerscience.com/ENGLISH/model.htm
http://www.muellerscience.com/ENGLISH/model.htm
https://www.researchgate.net/publication/338685564_-Models_To_Model_and _Modelling_-_Towards_a_Theory-_of_Models_especially_Conceptual_Mode ls_and_Modelling-_-_Third_Collection_of_Recent_Papers_2018-2019
https://www.researchgate.net/publication/338685564_-Models_To_Model_and _Modelling_-_Towards_a_Theory-_of_Models_especially_Conceptual_Mode ls_and_Modelling-_-_Third_Collection_of_Recent_Papers_2018-2019
https://www.researchgate.net/publication/338685564_-Models_To_Model_and _Modelling_-_Towards_a_Theory-_of_Models_especially_Conceptual_Mode ls_and_Modelling-_-_Third_Collection_of_Recent_Papers_2018-2019
https://www.researchgate.net/publication/338685564_-Models_To_Model_and _Modelling_-_Towards_a_Theory-_of_Models_especially_Conceptual_Mode ls_and_Modelling-_-_Third_Collection_of_Recent_Papers_2018-2019
https://www.researchgate.net/publication/320688612_-Models_To_Model_and _Modelling_-_Towards_a_Theory-_of_Models_especially_Conceptual_Mode ls_and_Modelling-_Second_Collection_of_Recent_Papers_2015-2017
https://www.researchgate.net/publication/320688612_-Models_To_Model_and _Modelling_-_Towards_a_Theory-_of_Models_especially_Conceptual_Mode ls_and_Modelling-_Second_Collection_of_Recent_Papers_2015-2017
https://www.researchgate.net/publication/320688612_-Models_To_Model_and _Modelling_-_Towards_a_Theory-_of_Models_especially_Conceptual_Mode ls_and_Modelling-_Second_Collection_of_Recent_Papers_2015-2017
https://www.researchgate.net/publication/320688612_-Models_To_Model_and _Modelling_-_Towards_a_Theory-_of_Models_especially_Conceptual_Mode ls_and_Modelling-_Second_Collection_of_Recent_Papers_2015-2017
https://www.researchgate.net/publication/344510996_-Models_To_Model_and _Modelling_-_Towards_a_Theory-_of_Models_especially_Conceptual_Mode ls_and_Modelling-_-_First_Collection_of_Recent_Papers_2009-2014
https://www.researchgate.net/publication/344510996_-Models_To_Model_and _Modelling_-_Towards_a_Theory-_of_Models_especially_Conceptual_Mode ls_and_Modelling-_-_First_Collection_of_Recent_Papers_2009-2014
https://www.researchgate.net/publication/344510996_-Models_To_Model_and _Modelling_-_Towards_a_Theory-_of_Models_especially_Conceptual_Mode ls_and_Modelling-_-_First_Collection_of_Recent_Papers_2009-2014
https://www.researchgate.net/publication/344510996_-Models_To_Model_and _Modelling_-_Towards_a_Theory-_of_Models_especially_Conceptual_Mode ls_and_Modelling-_-_First_Collection_of_Recent_Papers_2009-2014
https://www.researchgate.net/publication/344510996_-Models_To_Model_and _Modelling_-_Towards_a_Theory-_of_Models_especially_Conceptual_Mode ls_and_Modelling-_-_First_Collection_of_Recent_Papers_2009-2014

	Models: the fourth dimension of computer science
	Towards studies of models and modelling
	Abstract
	1 Introduction
	1.1 Models, models, models: we are surrounded with models
	1.2 The three dimensions of mathematics as a starting point
	1.3 Models and modelling in computer science and engineering
	1.4 The agenda: models and modelling research

	2 Modelling is the fourth dimension of computer science and engineering
	2.1 Dimensions well considered So far
	2.2 The role of models and modelling
	2.3 Elements of the dimensions
	2.4 A Small Case Study about the Dimensions

	3 The discipline of modelling
	3.1 CS Modelling is so far an art or handicraft
	3.2 Studies of models and modelling: design
	3.3 Studies of models and modelling: usage
	3.4 Rational and non-rational model-based reasoning

	4 Conclusion
	References





