Cognitive Mechanisms of Conceptual Modelling
How Do People Do It?
Ilona Wilmont1 , Sytse Hengeveld2 ,
Erik Barendsen1 , and Stijn Hoppenbrouwers1,3
1

Radboud University Nijmegen,
Institute for Computing and Information Sciences,
P.O. Box 9010, 6500 GL, Nijmegen, The Netherlands
{i.wilmont,e.barendsen}@cs.ru.nl
2
Everest B.V.
Reitscheweg 55, 5232 BX, ’s Hertogenbosch, The Netherlands
s.hengeveld@everest.nl
3
HAN University of Applied Sciences,
P.O. Box 2217, 6802 CE, Arnhem, The Netherlands
stijn.hoppenbrouwers@han.nl

Abstract. Conceptual modelling involves many higher order cognitive
processes, such as relational reasoning and abstraction, which are based
on integration and maintenance of information. Evidence from cognitive
psychology suggests that these processes are subject to individual differences which cannot be explained by training and experience alone. In
this review, we study how the cognitive processes that enable modelling
interact to produce modelling behaviour, and where in this process we
can ﬁnd individual diﬀerences that may explain some of the variation
in performance seen in actual modelling settings. We discuss interaction
between working memory, executive control and attention as they facilitate relational reasoning and abstraction, which we consider to be key
cognitive processes in modelling. Eventually, a thorough understanding
of modelling cognition can help us to provide better cognitive support
for modellers.
Keywords: Abstract reasoning, Collaborative modelling, Executive control, Working memory, Attention.

1

Introduction

Conceptual modelling is a core activity in system analysis [27], [53], involving reasoning with concepts and the relations between them. Good models rely on principles like modularity, abstraction and hiding [56]. Relevant information to the
part of the system under study has to be related, and irrelevant information be
made inaccessible so that it cannot exercise unwanted inﬂuences. However, there
are great diﬀerences between modellers in their approach to forming abstractions.
Thus, the quality of the resulting abstractions varies [67], sometimes to the detriment of the modelling session. In fact, “practitioners report that conceptual modelling is diﬃcult and that it often falls into disuse within their organisations” [66].
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Yet, modelling provides a framework for communication between developers and
users, helps analysts understand a domain, provides input for the design process,
and documents original requirements for future reference [66].
Hence, we need a more thorough understanding of abstraction in modelling
so that targeted interventions for weak modellers may be provided. For this,
we must identify which cognitive variables are involved and how they interact.
In this article, we provide a high-level overview of these variables, which serves
as a starting point for further, more fundamental study. We propose that relational reasoning and abstraction are key cognitive processes in modelling. They
depend on the selection, maintenance and integration of relevant information,
with constant monitoring for consistency and integrity. All these processes make
use of executive control and goal pursuit, which in turn depends on working
memory capacity [6], which is inﬂuenced by attention span [38] and emotional
markers [8].
We begin with a brief review of relevant modelling concepts, then we continue
with a discussion of what abstraction is and how it inﬂuences relational reasoning
in modelling. Then, we relate this to the concept of executive control and its
facilitators. Finally, we discuss sources of individual diﬀerences and possible
implications for training modellers.

2

A Conceptual Analysis of Modelling

First of all, for clariﬁcation, we will brieﬂy review modelling concepts. A model
is an abstract unambiguous representation of a domain of interest, comprising
concepts and relations [52], [22], which illustrates the behaviour and structure
of a real-world system. In an ideal situation, the model should reﬂect the goals
of the modellers and the stakeholders, and their knowledge and experience of
the domain. Individuals involved in the modelling session are either modellers
or model viewers. The modeller creates the model, ﬁrst conceiving a mental
model of the domain by reasoning from his prior experience and with the input
he obtains from the environment [52], [27], [36]. His conception must then be
written down as accurately as possible using a certain modelling language [27].
The model viewer is concerned with reading and understanding the model. He
constructs an internal representation of the domain based on the information
contained in the model, the speciﬁcs of the modelling language’s grammar and
symbols and his own previous experience [27]. Afterwards, his feedback provides
input for the next iteration. Thus, modelling is the process of purposely creating
a model based on the modeller’s conceptions of the domain [52].
Modelling can be seen as a type of ill-structured problem solving. The initial
state, the permissible operators, the optimal solution path and the goal state are
not clearly deﬁned or described [14]. For example, imagine designing a system
which has to handle incoming data about how often employees have taken sick
leave, in order to calculate their pension. Data has to be correct, complete and
on time, so certain checks should be in place. In addition, all sorts of exceptions to the rule have to be built into the system. Decisions have to be made on
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how to represent the ﬂow of information, about which activities can be scoped
within one ﬂow and which ones form diﬀerent ﬂows. Such an ill-structured problem requires a cyclic approach. Information must be interpreted and structured.
Abstraction helps the modeller to distinguish which properties are shared by
certain activities, as well as to scope the information and to integrate various
perspectives. At this point, the modeller can start thinking about a solution
strategy, monitoring and evaluating each solution step as he proceeds [51]. Unfortunately, there is a large gap between what modellers know about a domain
and how they make explicit their represention of it to others [28]. Moreover,
the reasoning process is inﬂuenced by the amount of domain knowledge and the
extent to which the forming of relations is required [36].
The discrepancy between the information known and information represented
can be more explicitly described, respectively, in terms of the distinction between
reading and writing a model [27]. Reading and writing are signiﬁcantly diﬀerent
processes which will nevertheless alternate frequently within a modeller as he
pauses to reﬂect, or listens to feedback. In the case of writing, the way the modeller understands the domain may not be accurately reﬂected in his model, while,
in the case of reading, the understanding of the domain that the model viewer
has constructed from the model may not match what the model is intended to
represent. Active reasoning about the domain, if done by both modellers and
model viewers, may eliminate these discrepancies [27]. Comprehension based on
active reasoning leads to a deeper understanding of the domain, which is not
the case with the passive comprehension based on recall. Active reasoning demands that viewers use the information represented to construct an answer to a
problem related to the domain, an answer which cannot be immediately deduced
from the model. This is true regardless of the modelling technique used [27].
The inﬂuence of domain knowledge on the reasoning process depends on the
complexity of the relations involved. An expert in a domain should have his
knowledge about it eﬃciently organised in his mind and know how to use the
information. This would allow him to see meaningful patterns easily, and thus realise their strategic implications. However, solely domain knowledge is not always
suﬃcient for solving a reasoning problem [39]. For this, integration of relations
is required. Maier [39] shows that only once something “related to integration”
was cued, solutions began to emerge. When relational integration fails, “inadequate responses based on native and acquired mechanisms are applied” [39]. This
has been illustrated in a study on the eﬀect of domain knowledge in modelling
tasks. In tasks that require little relational integration, such as those in which extracted knowledge is directly represented in the model, domain knowledge has no
eﬀect on modelling performance. However, domain knowledge greatly improves
performance on tasks which do require relational integration [36].

3

The Cognitive Mechanism of Modelling

In order to understand why diﬃculties in modelling occur so widely, we have to
take the mechanism of modelling into account. As previously mentioned, comprehension is achieved through relational reasoning, making use of both experience
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and new knowledge. Abstraction leads to a model conveying only the essential
information relevant to a certain goal. It determines the way concepts are represented in the model. Also, by reaching a higher abstract understanding of a
relation, reasoners are able to make inferences beyond the direct consequences
[40]. Abstracting to the right level is strongly subject to individual diﬀerences,
both in terms of experience and capacity, which will be discussed later. We will
ﬁrst discuss the forms and core properties of abstraction to help us understand
how abstraction shapes relations. Then, we elaborate on relational reasoning in
modelling.
3.1

Concepts and Relations

The main forms of abstraction we encounter during modelling are concepts and
relations. Generally speaking, concepts are “what enables us to interpret situations in terms of previous situations that we judge as similar to the present”
[25]. They participate in the generation of meaning based on a vast body of
concrete knowledge. Without the information contained in a concrete situation,
the concept would not be able to acquire any meaning [54]. Thus, the context
dynamically inﬂuences the interpretation and structure of a concept [25]. For
example, fast can only be truly appreciated when considered in relation to a set
of observations of diﬀerent speeds.
Formally, a relation is a “binding between a relation symbol and a set of
ordered tuples of elements” [30], such as faster (hare, tortoise). A relation describes the behaviour between two or more concepts. Relations are needed for
constructing a process, in which they may acquire diﬀerent complexities. Relational complexity is determined by the “number of related dimensions that need
to be considered jointly to arrive at the correct solution” [19]. As is the case
with concepts, a relation also does not become meaningful without a thorough,
concrete understanding of the concepts it binds. Hence, concepts and relations
depend on each other to acquire meaning. In a model, relations determine the
position of diﬀerent concepts. Relational knowledge has three essential properties
which must be satisﬁed at all times during the reasoning process [30]. Representations have to maintain form across diﬀerent levels of abstraction (structure
consistency), and retain their meaning when participating in compound representations (compositionality). Also, if one can understand the meaning of a
relation, then one can generate novel instances for that speciﬁc relation (systematicity). These properties ensure that relations retain their integrity, both
internally and in the context of the whole model.
3.2

Properties of Abstraction

To begin with, an abstraction represents the innermost essence of a concept in a
given context [3]. In an early theory of abstraction, George Berkeley (1685 - 1753)
proposed that abstraction occurred through a “shift in attention”; one can focus
on a particular feature of a single object, and let that feature represent a whole
group of objects [9]. Rosch et al. [55] have identiﬁed a highly inclusive level of
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abstraction that most people perceive as ’basic’, for which Berkeley’s view might
apply. Instances at this level possess a great number of common attributes and
have similar motor programs. As a consequence, potential category members may
be identiﬁed by averaging the shapes of other members. However, a nuance to
this view is necessary, as abstractions only become meaningful through coherent
relations between features. Single distinctive attributes or random collections of
properties turn out to be highly inadequate [3], [37].
A second property of abstraction is that it allows us to reason with generalities
rather than instances. When observing a set of concrete instances, one can infer
similar properties and use this knowledge in combination with experience to
classify novel objects. As this process advances, concrete objects are replaced by
simple propositions [21]. Abstract thought can then be used to perform mental
operations on such object representations and possible actions in the mind [48].
It should be noted, though, that abstraction and generality are not synonymous.
Rather, generality is required for abstraction, but abstraction is also required for
generalisation [3]. This cyclic statement poses a problem: it implies that a certain
abstract concept has to be present before any abstraction can be made. We can
solve this by viewing concrete concepts as the aforementioned simple abstract
representations [21] without breaking any rules of abstraction, for any mental
representation is an abstraction and not the real object.
Thirdly, abstractions can form the basis for the creation of more complete descriptions [3]. This is illustrated in a study of how linguistic ideas are abstracted
[11]. Upon hearing and later recalling semantically related sentences, the abstracted representations ended up being far more complete than the original
sentences ever were, because relations were supplemented with available knowledge. Hence, we see how the link to an individual’s experience is made through
active memory (re)construction and how experience inﬂuences abstract ideas.
A fourth feature is the relativity of abstraction. Barsalou [7] writes that abstractions are dynamic, tailored to a purpose, temporary, ﬂexible, become more
easy to use with practice, and involve attention shifting. Formation of abstractions are inﬂuenced by available knowledge structures, intentions, goals, experience, and the beholder’s context. Therefore, people diﬀer in what they consider
abstract or concrete, and this may change as experience develops and contexts
change. In practice, people reason on a certain ‘preferred level of abstraction’
[26], which appears to be mostly context-dependent, ﬂuctuates widely over time
and is independent of the capacity to abstract and of general intelligence. In
some cases, the automaticity of previous experiences and habits primes future
abstractions regardless of the context, even in the presence of accessible abstract
rules.
Finally, abstractions are complex, and the required mental eﬀort to form abstractions increases proportionally with the level of abstraction, which is independent of task diﬃculty [15]. The balance between the level of detail and the
generic structure in a model is a delicate one. If we move down a level towards
describing concrete instances, knowledge becomes much more specialised. Details
become voluminous and minutely distinguishable as they may be semantically
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or visually related. Considering them all would lead to an attention overload.
On the other hand, if detailed information is lacking, grasping the meaning of
an abstraction becomes impossible. Before being able to see high-level structures and generalities which can be used in productive thinking, a whole range
of behaviours a concept may exhibit has to be well understood [3].
3.3

Relational Reasoning in Modelling

Relational reasoning is “the ability to consider relationships between multiple
mental representations” [19], and is implied in tasks requiring conceptual relations [12]. The purpose of reasoning is to form conclusions, judgments, or inferences from facts or premises. The resulting relations eventually make up the
model. Reasoning combines separate past experiences and novel input in such a
manner as to achieve a goal, or to meet the demands of a situation. In this context, it is important to distinguish between two types of information processing
that may take place during reasoning: analytic and nonanalytic cognition [33].
Analytic cognition involves breaking a stimulus into relevant and irrelevant features, and generality stems from a certain conﬁguration of recombinable units. In
contrast, nonanalytic cognition relies on referring back to speciﬁc prior episodes,
thereby incorporating real-world knowledge, and generality results from ﬁnding
analogies between similar situations [33]. Both involve abstracting relevant features, and maintaining and comparing them in mind. In the latter case, though,
recombination has already taken place.
Abstraction in relational reasoning manifests as ﬂexible switching between
concrete and abstract representations, and shifts in focus on certain relevant
properties. These could be considered meta-relations across knowledge. Bearing
the properties of relational knowledge in mind (structure consistency, systematicity and compositionality [30]), we can distinguish two types of switching
strategies. The ﬁrst type of switching could be considered ‘vertical’: shifting up
and down between abstraction levels through generalisation and instantiation
[61]. This is how the model is made meaningful by actively connecting generic
concepts to what the evolving model means in terms of the activities and objects
a modeller or user encounters in his daily environment. Sometimes the connection
between concrete and abstract goes awry. Usually, people know only partly how
the complex systems they work with function, rendering it very hard to make
explicit procedural or tacit knowledge [43]. Such concrete knowledge gaps can
result in faulty conceptions of a domain, a failure to monitor understanding and
progress, and thereby hamper success at problem solving. It has been observed,
though, that if concepts turn out to be too abstract to understand, unconscious
reduction of the abstraction level takes place [31]. The second type of switching
is ‘horizontal’, in the sense that even though attention shifts to a diﬀerent focus
or context, the same concept is still being considered. If the context shifts, so
do the features that have to be considered and they may acquire totally new
meanings [39]. In such cases structure consistency and compositionality must
be monitored to maintain model integrity. Thus, relations can be made between
concepts based on those properties relevant for the situation, otherwise they may
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be ignored [56], [61]. However, omitted information is only made inaccessible so
that it does not aﬀect the part of the system under consideration. This is known
as hiding [56].

4

Reasoning Explained in Cognitive Processes

In order to avoid violating any of the properties of relational knowledge during
reasoning so that meaningful relations may be formed, through analytic and
non-analytic cognition, involvement of executive control functions is required
[16], [19]. Essentially, executive functions control and coordinate behaviour so
that people can achieve goals in an eﬃcient manner. It allows people to inhibit distractions and irrelevant routine behaviours, and monitor their progress
through controlled attention, regardless of the speciﬁcs of the task [29]. Also, it
facilitates critical reﬂection, which is essential to consolidating knowledge and
learning [65]. When central executive functioning is disrupted, performance on
conditional reasoning tasks suﬀers considerably [63]. In an extensive review, Alvarez & Emory [2] ﬁnd that the processes underlying executive functions are
inhibition and switching, working memory and selective and sustained attention. We will discuss modelling in terms of each of the underlying processes.
4.1

Executive Control and Goal Pursuit: Facilitators of Reasoning

During modelling, a modeller may participate in diverse cognitive activities, such
as to select the relevant information, and to regulate and monitor his selection in
case of multiple simultaneous inputs. He must read, interpret and comprehend
this information, and match his own mental representation with what other
modellers are saying and writing. Moreover, modellers should not only monitor
themselves, but also monitor others in the ﬂow of discussion so that they can
react appropriately to other participants, providing them with information to interpret [67]. At the end of the session, the modeller needs to relate the modelling
goals and the users’ needs to the model created to ensure ﬁnal model quality
[57]. Executive control is thus not only used to monitor the information being
processed, but also to interact closely with goal pursuit processes to provide the
modeller with a direction in which to operate. Through response inhibition and
performance monitoring, the modeller modulates how he responds to a stimulus depending on his goal and context, allowing him to adapt to or to produce
consistent output in a novel situation [10]. Goal-seeking behaviour depends very
strongly on goal maintenance. Goal-directed selection of information is essential
in order to deal with the structure imposed by the reasoning task [16]. It enables searching through memory and selecting relevant information to substitute
into the task structure. Also, goals associated with aﬀective markers determine
the amount of eﬀort invested in achieving the goal in question [8], and the likelihood of engaging executive control [24]. When positive aﬀect becomes associated or coactivated with a goal concept, motivation and readiness to achieve that
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particular goal is facilitated, while negative aﬀect is assumed to put preexisting
goals on hold [1]. Using aﬀective signals, qualitatively diﬀerent alternatives can
be non-consciously evaluated.
4.2

Working Memory: The Driving Force

Facilitation of executive control depends on the working memory (WM) system;
in fact, it is part of the WM system, conceptualised as the ‘central executive’
component in the model of WM by Baddeley et al. [5]. WM is a limited capacity
memory system that deals with both the storage and manipulation of information. Information in WM, whether newly perceived or retrieved from long-term
memory (LTM) is ephemeral by nature, but can be maintained by repetition.
Evidence suggests that WM is involved in many complex cognitive processes
relevant to modelling, such as (relational) reasoning [19], comprehension [38],
abstract thought [15], unconscious goal pursuit [23] and problem solving [38].
Across these domains, the essential functional role of WM is primarily concerned with activation, selection, maintenance and manipulation of information
to make it relevant for goal and context [44], [46]. WM is suggested to be the
‘workspace’ where relations are constructed and altered [30]. The WM system
maintains representations on a certain level of abstraction [15].
In the Baddeley model [5], storage is composed of an episodic buﬀer, aided by
a phonological loop for processing auditory and speech-based information, and a
visuospatial sketchpad for visual images in the context in which we perceive them
in the everyday world. Control and manipulation of information happens through
the central executive. A slightly diﬀerent focus is taken by Cowan [17]. He proposed the Embedded Process Theory, a hierarchically organised theory in which
working memory is based on activated information which is “unusually accessible”. Within the LTM store, there is a subset of activated information. This is the
short-term store. Within this short-term store there is yet another subset, which
is within the focus of attention. The focus of attention determines what information is available to WM, thereby exercising control over WM, while attention span
capacity determines how much information can be activated at any given time. Information within the focus of attention is typically used for tasks requiring strong
executive control, whereas information within the short-term store can be used
for automated, familiar tasks. Despite subtle diﬀerences in conceptualisation, the
essence of the WM models is that WM is a control mechanism operating on information, residing in LTM stores, made easily accessible.
There is evidence to suggest that for the most part, WM is a fundamental,
domain general processing capacity involved in both elementary and complex
cognitive processing [38]. However, there does appear to be a certain degree of
WM specialisation for speciﬁc types of information on a deeper level. Ample
evidence points out a diﬀerentiation between spatial and non-spatial WM [20],
[46]. Spatial WM resources are strongly linked to performance on abstraction and
executive control tasks [47]. Concrete reasoning, in contrast, appeared to draw
much more on non-spatial, visual WM resources [34]. A constraint on the system
is the severely limited number of items that can be held in WM for immediate
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use. Chen & Cowan [13] show that WM is generally constrained to 3-5 chunks of
meaningful items of information, if rehearsal is actively prevented. There is no
question that active interference of competing items of information plays a major
role in the quick decay of WM content, but the extent to which time-based decay
of activated information traces plays a role is not clear. However, in a realistic
situation like modelling, it seems unlikely that there is time for temporal decay
due to the high volume of interaction and discourse taking place. Thus, we are
most likely dealing with interference most of the time. This only emphasises the
importance of maintaining a focus during modelling.
4.3

Attention: The Capacity Mediator

Attention allows one to concentrate on a certain set of objects or tasks, in favour
of others, thereby assigning a bias to internal representations which serves subsequent cognitive processing. It translates goals into behaviour by orienting an individual towards goal-relevant information, using the aﬀective signals mentioned
before to determine relevance [8]. Attention also supervises this process through
executive control. Information entering the limited capacity of WM (WMC) is
mitigated by attention [38] and time [41]. Both are critical resources to allow
invocation of executive processes so that controlled processing can take place. If
time is too short for executive processes to be activated, attentional resources
cannot be allocated to invoke strategy use. As a consequence, performance on
reasoning tasks relies more strongly on basic WM span [41]. Attentional resources
are likely shared between diﬀerent aspects of WM, as illustrated by Just et al.
[35], who show that two WM tasks, which draw on diﬀerent neural systems, show
impaired performance when performed simultaneously. WM appears to recruit
attention in the service of memory rehearsal [4]. In support of this, it is found
that loading WM decreases control of attention over inhibitory and switching
functions [32]. Hence, WMC relates directly to attentional control over executive
functions. Furthermore, the relation between attention and WMC is inﬂuenced
by the need for coordination of multiple knowledge representations, when people
are required to attend to multiple representations simultaneously to determine
which one to use [58]. If no coordination is required, WMC only determines how
well stimulus-response associations are learned. If coordination is required, then
WMC not only predicts learning performance but also how well people can shift
between response strategies.
4.4

Sources of Individual Diﬀerences

Both WMC [42], [16] and attention span [26], [38] have proven to be signiﬁcant
sources of individual diﬀerences in abstraction, reasoning and problem solving.
Even though the WM capacity limit is ﬁxed within the 3-5 range, there are
signiﬁcant individual diﬀerences to be observed. Explanations for this are sought
in storage and processing capacity variations. There is a debate as to whether
the eﬃciency of processing ability is solely responsible for all WM functionality
[42], or whether storage and processing capacities are independent and both
contribute to overall individual diﬀerences [18]. In favour of the ﬁrst perspective,
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individuals with a high WMC were found to be much better at attending to
relevant information and thus inhibiting irrelevant information. Low capacity
individuals, in contrast, processed both target and distracter information, ending
up with far less meaningful information overall and so rendering distractions
detrimental to performance [16], [42]. This eﬀect has been demonstrated for
the auditory [39] and the visual modality [64]. On the other hand, in favour
of physical storage capacity, Todd & Marois [62] show that in the absence of
processing requirements, brain activity in the posterior parietal areas correlated
with WM performance.

5

General Discussion

In modelling literature, many authors have made reference to either executive
control or working memory in attempts to understand and support modelling.
For instance, Sutcliﬀe & Maiden [60] implicitly identify diﬀerences in executive control processes in weak and strong novices. Pinggera et al. [49] relate
the use of structure during modelling to higher quality models. Finally, Moody
[45] emphasizes the role of WM in understandability of models. However, the
psychological frameworks used do not describe modelling behaviour in terms of
its facilitating variables. Furthermore, when designing protocols for modelling
support, this only led weak modellers to rigidly follow the protocol and it did
not impart understanding of the modelling problem [60]. Similarly, even though
both WM capacity and attention span have been subject to training, it is unclear whether WMC can actually be increased. While WM training appears to
improve task performance, Shipstead et al. [59] point out that it has not yet been
shown that this eﬀect is directly due to an increase in actual WM capacity. Since
the mechanisms of WM transfer to other skill domains are unclear, the observed
improvement might well be due to a learning eﬀect. Also, transfer to improved
attention could not be attributed to WM. Therefore, we need to study modelling
beyond the behavioural level, going as far as to study its neural substrates. The
neural workings can eventually be used as a model for targeted intervention.
To a certain extent, the strategy of creating awareness has yielded some results. Increasing attention to relevant features improves performance in abstract
tasks [50]. Awareness of attending to features increased analytic processing. Explanation of this eﬀect in terms of mental model theory [34] would state that
mental models are being further elaborated by paying attention to those features
that were still missing.
In conclusion, we argue for a cognitive system enabling modelling in which executive control monitors information processing for integrity of representations.
Switching between abstraction levels and diﬀerent contexts, and inhibiting distracting information are primary processes. Also, it interacts with goal pursuit
to maintain relevant goals, making use of aﬀective body signals. Executive control is part of WM, which facilitates storage of representations and processing of
content information. WM has a limited capacity, which is subject to individual
diﬀerences. A source of diﬀerences is the ability to mediate attention between
relevant and irrelevant stimuli competing for processing.
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