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ABSTRACT

Insufficient design often causes challenges to users on a cognitive level, hindering them from interacting
with products smoothly. There is a lack of effective design tools and supporting materials that can help
designers to understand human cognition and how it affects the way that users experience and use
products and services. This paper aims to identify current approaches that can be applied to address this
issue, and to examine their strengths and weaknesses. This helps to identify future directions for
developing and improving cognitive design supports. A literature review was conducted of research
publications in the fields of both design and cognition. Four key approaches are identified: cognitive
design principles/guidelines, the demand-capability approach, cognitive walkthrough and cognitive
modelling. Their strengths and weaknesses are analyzed from a design standpoint. The paper also
analyses the underlying causes of the insufficient uptake of cognitive design approaches by designers.
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1 INTRODUCTION

Users® cognitive function plays a big part in using interactive products. The mental processes and
actions involved in people’s cognition have a huge impact on their performance with a product. For
example, they affect how people learn to operate a product, understand the information displayed by a
product interface and plan actions in product interaction (Tenneti et al., 2013). In order to deliver
usable products, designers should have a deep understanding of the cognitive characteristics of
intended users so as to mitigate potential cognitive barriers.

However, the knowledge concerning people’s cognition is interdisciplinary in nature (Thagard, 2017),
indicating that it is difficult for an individual to grasp. In practice, designers tend to rely on their
acquired experience, intuition and common sense to make decisions (Altay, 2017). As a result,
cognitive challenges in product interaction are common among everyday products.

Cognitive challenges in a design can be understood as operational difficulties that primarily place
demands on users’ cognition rather than on their sensory or motor capabilities. For example, in the
interface in Figure 1 the elements are relatively clear to read (when viewed at full size) and the buttons
and dial can be manipulated easily. However, it is difficult for a user to form a sensible operational
sequence for a specific goal.

Human cognition is highly complex, and the cognitive interface of a product is often a big challenge
for designers. This is exacerbated by the desirability of accommodating an extremely wide range of
functions and users (Peacock and Resnick, 2011). There remains a need to develop design supports to
help designers to obtain a better understanding of users’ cognition and subsequently equip them to
address cognitive challenges in design.
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Figure 1. A microwave interface which induces cognitive challenges

In this study, a literature review was conducted to identify the current approaches that can be used to
address cognitive challenges in design and the factors which may inhibit their uptake by designers.
The review examines research publications from both design and cognition-related fields where
cognitive issues were addressed within a human-product interaction context.

It can be reasonably argued that there is a wide selection of Human-Centered Design (HCD)
approaches which can be applied in addressing cognitive challenges. However, typical HCD methods
such as user testing are expensive (Darses and Wolff, 2006). When implementing these methods, the
time spent in recruiting, screening, scheduling and conducting tests can create a bottleneck for product
development, especially for products with frequent release and rapid iteration (Shankar et al., 2015).
Other methods such as heuristic and expert evaluation may involve personal biases towards specific
design features, and ‘it is often hard to set aside one’s expertise and assume the role of the user’
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(Maguire, 2001). As a result, this review focuses on approaches that are specifically used to address
cognitive challenges, aiming to understand why they are not widely adopted by designers. This can
help to direct further efforts to improve designers’ understanding of users’ cognitive behaviors.

2 METHODOLOGY

The research concerning human cognition is wide-ranging and the fields involved grew and developed
concurrently with overlapping thematic areas. Gersh et al. (2005) identified cognitive science,
cognitive psychology, cognitive engineering, human factors/ergonomics, systems engineering and
human-computer interaction (HCI) as the key areas involved in understanding human cognition within
a technical system. These identified areas served as an appropriate starting point for the literature
exploration. In addition to these areas, particular attention was also paid to design research
publications so as to investigate how cognitive challenges are addressed in the field of design itself.
Figure 2 shows the literature search and filtering process. One stream of work involved examining
available methods and tools in each cognitive research area. Further work then searched for the
application of these methods and tools in human-product interaction. In order to ensure the inclusion
of as wide a range of publications as possible, ‘product’ was considered to refer to any designed
system that involved human operators. During this step, methods or tools were excluded if they
showed a low degree of feasibility or practicality for the design of everyday products. For instance,
functional magnetic resonance imaging (fMRI) was used for measuring cognition activities but rarely
showed applications in enhancing design. Therefore, it was excluded from the follow-up analysis.

The retrieved and filtered research publications in both cognitive and design fields were subsequently
combined to form a collection of methods and tools that are used to tackle cognitive issues in product
design. Those methods and tools were then classified into more general ‘approaches’ with similar
features. Four main approaches were identified and their strengths and weaknesses were then
analysed.

Design research Cognitive research fields

Identify available tools/methods

A4

Methods/tools which have been
Design tools/methods with applied in the design of human-
cognitive considerations product interaction

5(—/

A collection of design
methods/tools

l

Categorised approaches

Figure 2. The process of selecting and synthesizing approaches

3 KEY APPROACHES TO ADDRESS COGNITIVE CHALLENGES IN DESIGN

Four commonly used approaches were selected within the scope of the consulted publications.
Together, these approaches cover the whole cycle of the design process. Cognitive design principles
and guidelines are mostly used in the initial stages of the design process to guide the formation of
design, while cognitive walkthrough and cognitive models are more advantageous in evaluation. The
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capability-demand approach can be reasonably argued to stand in the middle as it provides insights in
early stages as well as methods to assess the quality of a design.

3.1 Cognitive design principles and guidelines

Design principles and guidelines are widely used by designers (Nickpour and Dong, 2015). Part of the

reason for this may be that guidelines summarise a lot of knowledge and experience into a form that is

easy to refer to. In addition, designers often rely heavily on personal experience in design decision
making. When they do not have enough previous experience themselves on a specific design topic,
they may instead like to refer to other designers’ successful experiences. Guidelines can be considered

to be one way to encapsulate such experiences (Abascal and Nicolle, 2005).

There are various cognitive design guidelines based on systematic analysis of the characteristics of

human cognition and related functions. For example, Johnson (2013) proposed a set of guidelines in

attempt to address design issues concerning users’ vision, reading, learning etc. Cognitive design

principles tend to be presented in a more simplified format. For instance, Kalyuga et al. (2010)

proposed a set of guidelines to minimise users’ cognitive load, including:

1. The direct initial instruction principle (provide worked-out examples);

2. The expertise principle (adapt instruction to cater for different levels of learner expertise);

3. The small size of knowledge change principle (avoid providing too much information too

quickly).

In the example of a microwave in Figure 1, applying these principles could result in displaying an

example of how to operate the microwave on the interface itself (principle 1), and reducing the

number of buttons or grouping buttons which represent similar functions (principle 3).

Similar guidelines and principles can be found in the Metaphor of Human Thinking (Frgkjer and

Hornbeek, 2008) and the User Interface Design Principles for Interaction Design (Blair-Early and

Zender, 2008).

Employing design guidelines or principles provides designers with a relatively fast and easy way to

develop design. The apparent simplicity of guidelines and principles, however, also brings about

problems when putting them into practice (Bastien and Scapin, 1992, 1995):

e  Which to choose — There are numerous guidelines and principles available to designers, but there
are no instructions to assist them in finding one that perfectly matches their needs;

e How to establish priorities — When several rules apply or conflict arises, designers have to
balance one against another;

e How to translate guidelines into design rules — Guidelines are often vague and hard to test,
making it difficult for designers to understand what is required of them, convert them into design
rules and implement those requirements in practice.

Putting design guidelines and principles into practice can be even more problematic within the realm of

cognition. Firstly, cognitive psychology is an area with an especially messy and at times contradictory body

of literature. There is no standard reference for designers to follow. Moreover, designers rarely have
backgrounds in cognitive psychology and this makes the existing guidelines and principles difficult for
them to implement properly (Johnson, 2013). Lastly, cognitive design guidelines are not always packaged

in the most usable way, making it difficult for designers to use them (Zaphiris et al., 2006).

3.2 The capability-demand approach

The capability-demand approach provides a more pragmatic way of understanding the interplay between
users’ cognition and product features, because it directly relates the two within a product interaction
context. According to this approach, products place demands on their users’ capabilities. A user whose
capability does not meet a demand will not be able to use the product effectively and can be considered to
be ‘excluded’ from its use (Clarkson et al., 2015).

This approach originates from the field of inclusive design. Inclusive design is ‘the design of mainstream
products and/or services that are accessible to, and usable by, people with the widest range of abilities
within the widest range of situations without the need for special adaptation or design’ (BSI, 2005).
Inclusive design employs commonly-used HCD methods, but has also developed additional design
supports particularly for tackling the incompatibility between products’ demands and users’ capabilities.
The capability-demand approach is one example of this.

In this approach, population-based capability data is used to assess design exclusion. The demands that
a product makes on various user capabilities are identified, as in the example in Figure 3. These are
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then compared with data about the population to estimate how many people do not have sufficient
capabilities to meet these demands, and thus would be unable to use the product (Goodman-Deane et

al., 2011).
Concentration . . . E m
No need to concentrate Concentrate on a short TV Concentrate enough to Concentrate enoughto  Harder than
ad without getting make toast without run a bath without these
distracted getting distracted getting distracted
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Figure 3. Some of the cognitive scales in the Exclusion Calculator (EDC, 2018)

Figure 3 shows an example of evaluating the microwave interface in Figure 1 using the Exclusion
Calculator developed by the University of Cambridge (EDC, 2018). The figure shows some of the
cognitive scales in the calculator — other scales can be used to assess sensory, motor and
communication demands. The microwave interface places a high demand on users’ memory because
users need to remember multiple sequences of actions needed to achieve different goals. The demand
on literacy is lower, as users only need to be able to ‘read and understand individual common words’.
The ratings on each scale are then compared with UK population capability data to estimate exclusion.
Such a data-supported tool provides a faster and more objective way to evaluate design (Langdon and
Thimbleby, 2010). However, one concern is the lack of comprehensive and up-to-date datasets to
support this approach, especially for cognitive capability. There have been a number of studies
initiated to collect users’ cognitive capability data and to apply it in design. For example, the
Exclusion Calculator uses data on users’ concentration, long-term memory, literacy, speech
comprehension, and speaking. Tarpin-Bernard and Habieb-Mammar (2005) proposed a framework in
which users’ cognitive capability was composed of memory, attention, executive function, language,
and visual and spatial abilities. In a pilot UK national survey, learning and memory, executive
function, and literacy and numeracy were considered to be critical capabilities in using interactive
products (Tenneti et al., 2013).

For data on cognitive capability to be effective in design, it is important to clarify (a) which cognitive
abilities affect people’s product performance, and (b) the relationships between cognitive abilities and
product features. The range of cognitive capabilities in the aforesaid studies are mainly borrowed from
cognitive psychology, and little research has been carried out to clarify the relation between cognitive
aspects of products and users’ corresponding abilities. Therefore, it is still challenging to apply current
cognitive capability data in design.

3.3 Cognitive walkthrough

Cognitive walkthrough is a usability inspection method. Compared with other usability methods that
designers are familiar with (e.g. heuristics evaluation and usability testing), cognitive walkthrough
pays particular attention to the cognitive aspects of users’ experience. It focuses on the cognitive
activities of users, especially on their goals and knowledge when performing a specific task
(Mahatody et al., 2010). Particular attention is paid to the ease of learning to use a product (Wilson,
2014).

Cognitive walkthrough is designed for product developers so that they are able to articulate
assumptions about user knowledge and thought processes. The task is presented step by step; the team
is asked to craft a credible story explaining why the expected users would choose the correct action at
each step. If a credible story cannot be told, then suggestions for fixing the problem are noted (Fichter,
2004). Take for example the task of ‘heating a cup of milk’ in the microwave in Figure 1. One of the
steps in doing this is to set the power level. Designers may identify that this step can be quite
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confusing for an older person who is used to simple power and timer operations. It can be difficult to

decide which is the correct action needed to set the power level. This indicates that the interface could

be improved by grouping related buttons to form more easily identifiable functions.

The cognitive walkthrough method is relatively easy and quick to carry out. It can be applied flexibly

during different stages of design. In particular, it is helpful in identifying low-hanging fruit, i.e.

problems that can easily be remedied prior to usability testing. However, there are limits while using

this method (John and Packer, 1995; Wilson, 2014):

e  Designers (evaluators) must understand the intended users well as they are required to ‘think in a
user’s thinking’. However, designers tend to assume that users have similar abilities to
themselves. As a result, using cognitive walkthrough may be prone to producing biased results;

e  Cognitive walkthrough is helpful in detecting problems, but it does not explicitly give solutions;

e  Cognitive walkthrough does not identify the frequency or severity of problems. Therefore,
designers may have difficulties in setting priorities when resolving them.

3.4 Cognitive modelling

Applying design principles or cognitive walkthrough are relatively easy, but with the increasing complexity
of technical systems, relying on those methods is no longer adequate to address usability challenges (Li and
Gunal, 2012). Cognitive modelling is one way to cope with such complexities.
From a psychological perspective, cognitive modelling is an approach taken by psychologists in which
models of human behaviour are developed to explain or engineer systems involving human components
(Butterfield and Ngondi, 2016). In a human-product interaction context, a cognitive model can be
understood as a high fidelity “virtual user’ who can perform specific tasks with the surrounding artefacts in
selected environments (Li and Gunal, 2012). For instance, Cogtool (John et al., 2004) is a simple cognitive
modelling tool based on the ACT-R architecture (Anderson et al., 2004). Modelers need to input the task
sequence and regulate the interactive actions between each step. This model then produces an estimate of
task execution time, enabling the comparison of different tasks for overall complexity of a product.

Cognitive models are efficient simulation instruments in predicting users’ task performance and enable the

evaluation of design to start as soon as conceptual alternatives are formalised (Ritter et al., 2001; Li and

Gunal, 2012). Existing cognitive models have typically addressed people’s behaviour at one of two levels

of abstraction (Salvucci and Lee, 2003):

1. Higher-level modelling frameworks such as Goals-Operators-Methods-Selection (GOMS) Rules
(Card et al., 1983) and its variants which represent behaviour as basic user actions such as
moving a mouse or pressing a key;

2. Lower-level cognitive architectures that describe ‘atomic components’ of behaviour. This usually
includes models developed within cognitive architectures that comprise condition-action rules
that gather perceptual knowledge, perform cognitive functions, and issue motor commands. For
instance, models based on Adaptive Control of Thought-Rational (ACT-R) and Symbolic
Cognitive Architecture (Laird et al., 1987) fall into this level.

The benefits of using cognitive models are easily perceivable, yet design professionals from the

industry still largely ignore their applications (Chittaro and De Marco, 2004; Li and Gunal, 2012). The

possible reasons can be generalized as follows:

e  They require a high level of expertise - modelling cognitive behaviours requires expertise in
cognitive psychology, neuropsychology, intelligence and mathematics (Salvucci and Lee, 2003;
Tarpin-Bernard and Habieb-Mammar, 2005);

e  They are time-consuming - building detailed models for novel interfaces requires plenty of time
(West and Emond, 2002; Chittaro and De Marco, 2004);

e  They are not integrated into the design process - guidelines or methodologies currently do not
exist to integrate cognitive models into design, as they are currently mainly used for validating
hypotheses of human cognition processing instead of practical design usage (Li and Gunal,
2012);

e  They do not adequately consider individual differences - existing cognitive models tend to model
an ‘average person’. This is useful for comparing different versions of an interface, but weak
when used to give judgement on the overall quality of an interface (Olson and Olson,
2003). Models such as ACT-R can theoretically simulate individual differences in cognitive
capabilities by adjusting parameters of the model (Wong et al., 2010), but this calls for
validations based on large amounts of empirical studies.
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Despite these problems, cognitive modelling can still act as a useful approach in addressing cognitive
challenges in design. From a more pragmatic perspective, cognitive models are not expected to
generate perfect quantitative predictions of human performance, but are helpful in identifying
qualitative usability differences between interfaces.

4 DISCUSSION

4.1 The insufficient uptake of cognitive design approaches by designers

This literature review identified four approaches that can be employed to address cognitive challenges
in design. However, industry practitioners have not widely adopted these approaches, especially those
come from areas outside design such as cognitive modelling (West and Emond, 2002; Chittaro and De
Marco, 2004).

One fundamental reason for this might lie in designers’ habitual ways of evaluating designs. Designers
in practice tend to consider the user’s experience as a whole, which may lead to not considering
cognitive aspects explicitly enough. Consequently, potential cognitive challenges can still occur even
when some HCD methods have been applied in the design and evaluation process. Moreover, at an
organizational level, mitigating such challenges is often considered to be the duty of usability experts
instead of designers, resulting in less consideration of users’ cognition in the design process.

Another cause can be the communication difficulties between cognitive research and design. Design
and cognition are two fields where the boundaries of knowledge keep expanding but rarely intersect.
On one hand, research into cognition integrates multiple disciplines, but it is believed that ‘there is not
as much application of theories, models, and specific findings from basic cognitive research to user
interface design as one would hope’ (Czerwinski and Larson, 2002). It is fundamentally difficult to
acquire expertise in a field that is outside ones’ own scope of knowledge: the time required to read the
literature outside one’s field can be hard to find, and the additional investment to learn novel methods
from another field can be huge (Thagard, 2017). The interdisciplinary nature of cognition research
implies that it can even be difficult to merge all the relevant knowledge areas as ‘several disciplines
are engaged in the research and application, but few people are exposed to more than one’ (Grudin,
2012).

On the other hand, human-centred design skills such as observational techniques and task analysis are
little represented in most cognitive science curricula (Czerwinski and Larson, 2002). Most current
cognitive approaches are developed by cognitive experts and applying them in design calls for
background knowledge derived from the wide-ranging fields of cognition. For instance, Mayer and
Moreno (2002) proposed the Principles of Instructional Design for facilitating computer-based task
learning, including: (a) the multiple presentation principle, (b) the contiguity principle, (c) the
individual differences principle, and (d) the chunking principle. Implementing these principles
requires designers to become familiar with jargon such as ‘chunk’ and ‘schema’, as well as the nature
of individual differences within a cognitive psychology scope. Such demands on time and learning are
likely to deter designers from using these principles in practice.

In addition, cognitive design methods have become increasingly more sophisticated and less
accessible to practitioners (O’Hare et al., 2014). More efforts have been made to develop new design
supports yet little attention has been paid to improving the usability and usefulness of these tools and
methods. This can be seen in the development of cognitive modelling. Numerous cognitive models
have been built either based on existing paradigms or newly-established cognitive architectures, but
there are still few off-the-shelf models that be easily used by designers. Cognitive interfaces remain a
challenge for designers (Peacock and Resnick, 2011).

4.2 Addressing designers’ needs and preferences

The development of successful design supports must begin with the study of the target users and their
tasks (Rosson et al., 1987). From a knowledge conversion perspective, the purpose of knowledge
transfer will be lost if knowledge is transferred from source to the receiver without contextualising the
way it will be used (Liyanage et al., 2009). There is a considerable body of valuable knowledge
regarding cognition that designers could possibly pull from, but the theories and methods have to be
made more practical and design oriented to really provide a strong cognitive foundation in design
practice.

ICED19 2781

https://doi.org/10.1017/dsi.2019.284 Published online by Cambridge University Press


https://doi.org/10.1017/dsi.2019.284

Designers have their own ‘designerly ways’ of accessing information and using design supports. For
example, it has been found that simple, intuitive and highly visual design supports are more
appreciated by designers (McGinley and Dong, 2015), while being interactive is also desirable
(Nickpour and Dong, 2015). However, design research has focused too heavily on developing tools
and methods, without considering how they fit with the ways in which designers think and work
(Mieczakowski et al., 2012). Insufficient attention has been paid to the validity, thoroughness,
reliability, effectiveness and the ease of use of these supports, leading to tools and methods that are not
being used in industry (Blessing and Chakrabarti, 2009). The consensus is that most methods proposed
by researchers and scholars are not applied in professional design practice because they do not
acknowledge real-world contexts and lack applicability (Schenheyder and Nordby, 2018).

A particular concern for cognitive aspects of design is that it is still unknown how designers currently
work with users’ cognition and take it account into design. There is also a lack of evidence clarifying
how effective currently available approaches are in dealing with cognitive challenges in the real world.
Further research is needed to understand how designers think about and communicate cognitive issues
so as to lay the foundation for transferring knowledge to and developing design supports for designers.

5 CONCLUSION AND FUTURE WORK

This literature review has explored the approaches to addressing cognitive challenges in design.
Instead of providing a complete list of contributions on addressing cognitive issues from the wider
field of cognition, it has focused on approaches that have been applied in the design and evaluation of
human-product interaction. Four approaches were selected and discussed, including cognitive design
principles/guidelines, the capability-demand approach that originated in inclusive design, cognitive
walkthrough and cognitive modelling. Each approach has its own merits and challenges when used in
design practice.

It was found that these approaches are in fact not widely implemented by designers. The possible
causes are thought to be (a) designers’ habitual practices in dealing with such usability issues, (b) the
communication barriers between the disciplines of design and cognition, and (c) the poor match of
these approaches to designers’ normal ways of designing, causing difficulties with the usability of
current approaches.

Based on the conclusions drawn so far, two approaches for future development of design supports
seem promising. One approach is to improve current supports so that they better match designers’ way
of working. In particular, they should be tailored to the characteristics of different design disciplines.
For instance, design supports for the development of mobile applications should fit the fast and
iterative process typically in this discipline. Another approach is to develop new supports based on
designers’ needs. For example, despite the fact that there are numerous design guidelines ‘readily
available’, designers from industry still tend to form their own sets of guidelines based on their
experience (Oygur, 2017). In view of this, it has been suggested that design patterns may be a better
approach than new guidelines (Van Biljon and Renaud, 2016). A design pattern is a general repeatable
solution to a common design problem, based on existing good practice. To address these issues,
interviews and field observation will be carried out to better understand how designers currently think
about and design for users’ cognition in practice and to identify their preferences for how cognitive
design supports.
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