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ABSTRACT

The degree of automation in technical systems—for instance, autonomous driving or
automatic anomaly detection in control rooms—is continually increasing. Monitoring
a high amount of information in these systems becomes a major task of the human op-
erator. Owing to the rising quantity of information, this task is becoming increasingly
complex. Especially in case of safety-critical systems, supervisory control can become
critical as overlooking or misinterpreting important information can easily cause serious
impacts.

The information to be monitored is communicated to the human operator via the human
machine interface (HMI). In this aspect, it should be ensured that the supervisor can
perceive information elements indicating critical system states as fast and accurately as
possible to initiate possible countermeasures in time. For systematically deriving HMIs
for safety-critical systems, the state of the art lies in the application of human factors
(HF) methods as well as of task analysis or ecological interface design (EID). The avail-
able methods can extract the information a supervisor needs to know (what has to be
shown on the HMI) and deduce a structure for the HMI (where to show the informa-
tion). However, actual HF methods do not offer a systematic approach to determine
a concrete visualization of the information (how the information should look like). In
the dissertation, a method has been developed that allows systematic derivation of in-
formation visualizations for monitoring tasks in safety-critical systems. This method is
called Konect and combines scientific knowledge of perceptual skills of humans, the ap-
plication of HF methods and the model-based design of HMIs. The dissertation builds
upon the state of the art for designing an HMI for monitoring safety-critical systems
and links HF methods to the concrete visualization of information. This systematic
engineering approach is evaluated in different domains: In the automotive domain, it is
evaluated to increase the reaction times for detecting automatic cruise control (ACC)
failures, thereby preventing accidents in truck platoon scenarios, while it is evaluated in
the maritime domain to improve vessel performance monitoring efficiency. The results
reveal that the designs created with Konect performed significantly better than the

non-Konect designs.
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ZUSAMMENFASSUNG

Der Automatisierungsgrad in technischen Systemen steigt aktuell kontinuierlich an:
Dabei sind autonomes Fahren oder die automatische Erkennung von Anomalien in Kon-
trollriumen nur zwei Beispiele. Diese Systeme miissen dabei immer noch von Menschen
{iberwacht werden und in Zukunft wird diese Uberwachungsaufgabe immer stérker zur
Hauptaufgabe des Menschen werden. Aufgrund der steigenden Informationsmenge wird
diese Aufgabe jedoch immer komplexer. Insbesondere in sicherheitskritischen Syste-
men kann die Uberwachung riskant werden, da das Ubersehen oder Fehlinterpretieren
wichtiger Informationen schnell zu ernsthaften Auswirkungen fithren kann.

Die zu iiberwachenden Informationen miissen dem Menschen iiber die Mensch-Maschine-
Schnittstelle (HMI) mitgeteilt werden. Dabei muss sichergestellt werden, dass der
Mensch Informationen iiber kritische Systemzusténde schnell und korrekt wahrnehmen
kann. Nur so konnen mogliche Gegenmafinahmen rechtzeitig eingeleitet werden und
schlimmere Auswirkungen verhindert werden. Fiir die systematische Ableitung von
HMIs im sicherheitskritischen Bereich liegt der aktuelle Stand der Technik in der An-
wendung von Human Factors (HF) - Methoden wie beispielsweise Aufgabenanalyse
oder Ecological Interface Design (EID). Diese Methoden sind in der Lage die Informa-
tionen systematisch zu erheben, die ein Operator in einer bestimmten Aufgabe wissen
muss (was muss angezeigt werden). Zudem kann eine Struktur fiir die Informatio-
nen abgeleitet werden (wo miissen die Informationen angezeigt werden). Aktuelle
HF-Methoden bieten jedoch keinen systematischen Ansatz, um eine konkrete Visu-
alisierung fiir die Information abzuleiten (wie miissen die Informationen dargestellt
werden). In der vorliegenden Dissertation wurde eine Methode entwickelt, die in der
Lage ist, Informationsvisualisierungen fiir ﬂberwachungsaufgaben in sicherheitskritis-
chen Systemen systematisch abzuleiten. Diese Methode heifit Konect und kombiniert
wissenschaftliche Erkenntnisse aus dem Bereich der Wahrnehmungsforschung, tiber die
Anwendung von HF Methoden und {iber modellbasiertes Design von HMIs. Die Disser-
tation baut dabei auf dem aktuellen Stand der Technik auf und verkniipft HF-Methoden
mit der konkreten Visualisierung von Informationen. Dieser ingenieursméflige Ansatz
wird in verschiedenen Bereichen evaluiert: Im Automobilbereich zur Erhéhung der
Reaktionszeit bei der Erkennung von ACC-Ausfillen und damit zur Vermeidung von
Unféllen und im maritimen Bereich zur Verbesserung der Effizienz des sogenannten

Vessel Performance Monitoring. Die Studienergebnisse zeigen, dass Designs, die mit
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Konect erstellt wurden, signifikant schneller und korrekter wahrgenommen werden als

Designs, welche mit konventionellen Methoden entworfen wurden.
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INTRODUCTION

In March 1979, the United States (US) faced the most significant accident in the US
commercial power plant operating history [Commission, 2013]. The accident took place
at the Three Miles Island Nuclear Power Plant in Pennsylvania. Owing to a chain of
events, a part of the nuclear core was damaged, radioactive gases and iodine were re-

leased, and thousands of residents had to be evacuated.

Today, we are surrounded by complex technical systems in which one failure can have
severe implications on human health, life, and the environment. These systems are
characterized as ,safety-critical systems”: , Safety-critical systems are those systems
whose failure could result in loss of life, significant property damage, or damage to
the environment” [Knight, 2002]. This definition for safety-critical systems apply to a
broad range of systems coming from various domains like medical care, nuclear power
systems such as the Three Mile Island Nuclear Power Plant, aircraft, and automotive
or maritime. In the last few decades, the level of automation in these systems has
continually increased and the task of the human operator has changed from being the
active controller to a passive supervisor. Bainbridge revealed that there are two general
categories of tasks left for an operator in such a system: ,to monitor that the auto-
matic system is operating correctly, and if it is not he may be expected to call a more
experienced operator or to take-over himself” [Bainbridge, 1983]. The underlying work
focuses on the first category — the monitoring. The monitoring takes place to ensure
that the system under supervisory control is functioning as expected and no problems
or malfunctions occur. Quite early in 1983, Bainbridge revealed the often-cited ironies
of automation that the irony of an increased level of automation lies in higher demands
for the human operator in the monitoring task instead of replacement of the human by
automatic devices: ,, The increased interest in human factors engineers reflects the irony
that the more advanced a control system is, so the more crucial may be the contribution

of the human operator.” [Bainbridge, 1983].

1.1 Motivation

The shift from active control to passively supervising a system implies that the amount

of human monitoring tasks of safety-critical systems increases. To maintain the safety
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of the whole system, this monitoring activity has to be supported: To monitor the
state of the system, the human operator is supported by a human machine interface
(HMI) on which necessary information to assess the current system state is represented
visually. In case of the Three Miles Island accident, the major problem lied in this rep-
resentation: Later investigations revealed problems with the reactor control system’s
user interface. The status of a valve was displayed in a misleading way and the visu-
alization for a level probe control was missing. As a result, operators monitoring the
system could not diagnose the problem [Norman, 2002] and behaved incorrectly. Had
the interface visualized this information in a manner to enable the operators recognize

the problem fast and accurately, this accident could have been prevented.

The Three Mile Island incident clarifies what has to be considered when looking at
the so-called ,,human factor” in the field of safety-critical systems: ,,We human beings
have design flaws. [...] Some of the qualities that make us efficient also make us error-
prone. We learn to move rapidly through the world, quickly recognizing patterns but
overlooking details” [Hallinan, 2010b].

In case of the monitoring task, this applies for different sides: On the one hand, we have
the human operator conducting the monitoring task. He/she might overlook important
information or recognize information too late to be able to execute countermeasures
in time—e.g. in case of autonomous driving cars, the driver must react in seconds,
given a sensor or other technical equipment failure, so that he/she is able to break
immediately to prevent an accident. On the other hand, we have the human machine
interface designer who decides which information needs to be shown on the HMI, how
this information should be structured, and how the exact graphic representation should
look like. During HMI design, the HMI designer can already overlook certain informa-
tion elements and might visualize a piece of information in an inefficient manner (so
that it cannot be seen fast enough or can even be overseen in the monitoring task).
One might argue that the HMI designer is an expert, but even expert knowledge has
been shown to be error-prone by empirical studies [Hegarty, 2011]. This is further em-
phasized by the fact that the HMI is situated in the safety-critical domain. Empirical
studies testing HMI solutions should be conducted with expert users, who are rare and
expensive. Thus, the amount of empirical studies needed to ensure the quality of the
resulting HMI should be reduced.

To improve the safety of the whole system, both human sides must be recognized—the

human operator and the designer.

When looking at history, developing that kind of system is a typical problem that
could be resolved from an engineering perspective: ,,It is the job of the engineer to find
solutions to technical problems. He [or she] relies on natural and engineering knowledge
and takes into account material, technological, and economic conditions as well as le-

gal, environmental, and human-related restrictions. The solutions must fulfil the given
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and self-recognized requirements. After clarification, initial problems become concrete
subtasks that the engineer handles in product creation” (translated according to [Feld-
husen & Grote, 2013]).

The underlying dissertation looks at the described problem from this engineering per-
spective and proposes a constructive method to reduce the risk of overseen or ineffi-
ciently visualized information (in a timely manner) on both sides—the HMI designer

perspective and the human operator perspective.

The Three Mile Island accident has already caused basic changes in the design of such
HMIs and added an engineering perspective to the HMI design task for safety-critical
systems. The upcoming scientific field was called human factors engineering (HFE) in
which the dissertation is positioned in. In the late 1980s, ecological interface design
(EID) was introduced as a human factors engineering method and has its origin in
nuclear power plant system design. EID is used for systematically deriving a satisfac-
tory HMI for safety-critical systems [Burns & Hajdukiewicz, 2013]. Besides EID, there
exists a broad range of further human factors (HF) methods [Stanton et al., 2006] like
the task analysis (TA). Each method can extract the information a supervisor needs
to know in a particular situation and can deduce a structure for the HMI—e.g. in-
formation that belongs to the same task should be grouped together in order to avoid
extensive search for information within one task. Hence, one is already able to make
the right information accessible in the right place to the human controller by applying
an engineering approach. But each HF method stops at this point and does not offer a
systematic approach to determine a concrete visualization of the information. The visu-
alization is quite an important aspect as there is much evidence that task performance
can be dramatically different with different visual displays of the same information (e.g.
[Breslow et al., 2009] [Hegarty et al., 2010] [Novick & Catley, 2007] [Peebles & Cheng,
2003]). This evidence argues for the importance of the visual display design” [Hegarty,
2011]. Hegarty summarized the main advantages of visualization in displays for cog-
nitive tasks: external storage of information, organization of information, offloading
of cognition on perception (,when non-visual data are mapped onto visual variables,
patterns often emerge that were not explicitly built in, but which are easily picked
up by the visual system.” [Hegarty, 2011]) and offloading cognition on action—e.g.
offload internal mental computations on external manipulations of the display itself.
This is, for instance, done while playing Tetris and rotating the cubes directly instead
of thinking how to rotate them. Owing to the fact that visualizations are currently not
systematically derived within the state-of-the-art application of HF methods in a step-
by-step procedure [Tory & Moller, 2004] [Stone et al., 2017], a lot of potential for the
resulting HMI is lost: ,,On the one hand, we have the human visual system, a flexible
pattern finder, coupled with an adaptive decision-making mechanism. On the other
hand are the computational power and vast information resources |[...]. Interactive vi-

sualizations are increasingly the interface between the two. Improving these interfaces
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can substantially improve the performance of the entire system” [Ware, 2004].

When dealing with the problems identified in the monitoring tasks of safety-critical sys-
tems, the previously described factors are of outstanding importance—the time needed
to perceive critical states and the assessment failures of the system’s criticality [Gruhn,
2011]. Thus, summarizing, it can be said that the dissertation is situated in the do-
main of monitoring information that represents the actual state of an underlying
safety-critical system. So, the focus lies in preventing severe accidents that are caused
by assessment failures in case of overlooking important information that reflect a
critical system state or recognizes the system’s critical state too late to execute

countermeasures in time.

1.2 Challenges

The latest trends emphasize the need for a systematic engineering method for deriv-
ing visualizations that would allow fast and accurate assessment of criticality [Brazier,
2010]: One supervisor is confronted with a continually increasing amount of infor-
mation. While the data to be monitored grows successively, the number of people
monitoring this data is reduced due to economic needs. To cope with this problem, the
HMI designer must be supported by a constructive engineering method that can reduce
the risk of wrong design decisions and facilitate the findings of an optimal design solu-
tion in a systematic manner [Feldhusen & Grote, 2013]. On the other hand, the human
operator must be supported in his or her monitoring task. In this regard, it is again
helpful to have a deeper look into the visualization of data on the HMI: ,,One of the
greatest benefits of data visualization is the sheer quantity of information that can be
rapidly interpreted if it is presented well” [Ware, 2010]. The emphasize here lies on the
words ,,if it is presented well.”. The question that arises in this context is: What does
a well presentation look like? Regarding the main dissertation aims (prevent the two
monitoring failures—overlooking of information and slow perception of critical states),
a well graphic form presentation allows fast and correct perception of relevant infor-
mation and meets the cognitive and perceptual skills for fast and accurate perception
of the human operator in the best possible manner. In this respect, the HMI design
problem can be seen as a kind of specific search problem that has to be solved: , UI
optimization is an application of engineering optimization for discrete design problems,
where a task consists of a finite set of candidate designs, an objective function, and con-
straints” [Oulasvirta, 2017]. A major challenge lies in opening up the search space for
efficient design solutions and the best ,,combination of design decisions”. This search
space for optimal solutions will be part of the engineering method to be specified in
this dissertation. Therefore, the main requirements for a constructive design method
have to be considered. According to Feldhusen et al. [Feldhusen & Grote, 2013], a

constructive design method should:
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e make it possible to work in a problem-oriented manner and thus be industry-

independent in every construction activity
e promote invention and knowledge to facilitate the finding of optimal solutions
e be compatible with terms, methods, and findings of other disciplines
e not create solutions by chance
e allow transferability of solutions to related tasks
e Dbe teachable and learnable

e correspond to the findings of the working sciences, thus facilitating work, saving

time, avoiding wrong decisions, and ensuring active motivated participation

Thus, the major challenges lie in:

C1 — How does an appropriate search space for efficient! visual forms look
like with correspondence to the findings of previous scientific work?

The careful definition of an appropriate search space will ensure that solutions are not
created by chance, but instead a reason for each decision will be given. This reason
should be achieved on a problem-oriented manner so that it is industry-independent
and transferable to related tasks. Furthermore, this search space should be built upon
a scientific basis and consider prior findings about human perceptual skills. So, it will
be compatible with the findings of other disciplines. Additionally, it will promote in-
vention and knowledge to facilitate the finding of an optimal design solution, thereby

decreasing the probability for wrong design decisions.

C2 — How does an engineering procedure for selecting visual forms for
monitoring HMIs in the safety-critical domain look like?

This engineering procedure should help the HMI designer to open up the design search
space in an engineering manner and stepwise analyse and synthesize options for the
graphical appearance of the HMI. So, the designer can come up with a profound solu-
tion that will guarantee a high quality of the HMI design regarding the suitability to the
human operator’s monitoring task. This procedure should further facilitate the finding
of an optimal solution, make the reasons for taking certain decisions transparent, and
should be teachable and learnable. According to Feldhusen et al. [Feldhusen & Grote,
2013], it is important to ,foster the constructor’s individual skills through guidance
and assistance, to increase his willingness to be creative while understanding the need
for an objective assessment of the outcome. This will generally increase the level of

design”. Furthermore, this procedure should be compatible with the terms, methods,

LEfficient means in the underlying dissertation that the visual form serves the purpose of allowing
fast perception and avoid overlooking relevant information for assessing critical system states)
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and findings in the field of HFE and bridge the gap between the actual existent meth-
ods (as EID or task analysis approaches) and the actual graphic form representation.
The orderly procedure will not only avoid the possibility that important information is
overseen during design activity or that coincidentally taken design decisions will result
in inefficient working conditions of the human operator, but has another important
advantage: An orderly procedure on a partially abstract level creates generally valid
reusable solution documents [Feldhusen & Grote, 2013]. This is essential for easy trans-
ferability to related tasks, but also for a sound V&V (Verification & Validation), which
is part of the system’s engineering procedure in the development of such systems. In
this regard, it should be considered that the aim of the dissertation is not to totally
replace the user’s evaluation of HMI solutions in such a V&V activity. Rather, the
engineering procedure is intended to support a goal-oriented way of designing an HMI,
confine the search space for the visual appearance of optimal HMI solutions, and hence

reduce the needed amount of user evaluation iterations.

1.3 Objectives & Contribution

To cope with the previously described problems and challenges, the underlying disser-

tation has the following objectives:

O1 — Establish a theoretical framework that provides knowledge of the
relevant perceptual and cognitive skills of a human operator as input for

the HMI design search problem: This theoretical framework addresses C1.

02 — Establish a systematic procedure that allows the applicability of the
theoretical framework: This procedure closes the gap between the actual state of

the art and a systematic way to derive a graphic form and addresses C2.

The provided contribution is called the Konect method. Konect consists of the
Konect procedure, which is built upon a scientific basis (the Konect theoretical
framework). So, the method represents an engineering design method for construct-
ing graphical forms on monitoring HMIs in safety-critical systems optimized for fast
and accurate detection of critical system states to allow fast execution of appropriate

countermeasures.

1.3.1 Terminology

As the dissertation is situated in the engineering domain, the term ,,method” should
be understood as it is common in this area: Method is seen as a manner or mode for
doing something, especially in accordance with a definite plan and a systematic way of
instruction [Beer, 2008] [Oswald, 2006]. The word stems from the Greek term methodos
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that can be translated as path of pursuit or the way of doing something [Oswald, 2006].
According to Balzert [Balzert & Balzert, 2004], a method consists of concepts, nota-
tions, and a methodological procedure that proposes the steps to follow to achieve an
underlying aim. This is shown in Figure 1.1. The underlying dissertation contributes
the so-called Konect method and the corresponding subparts (concepts (Konect theoret-
ical framework), notations (Konect Idea Box), and a methodological procedure (Konect
Procedure). The Konect method is applicable in the context of existing methodologies
for deriving an HMI design (e.g. software development methodologies such as agile
development or waterfall development, or human factors methodologies such as EID).
In this regard, it is important that the dissertations’ aim is not that the method guar-
antees that no empirical evaluation of the HMI is needed. Rather, the method should
narrow the search space for optimal HMI design solutions (related to fast and correct
perceptions of critical situations) and offer objective reasons for the choice of visual-
izations, thus increasing the probability that the solution fits the task optimally and

reducing the number of necessary evaluation iterations.

Methodology

Development Methodology

I Konect Method
Methodological
Procedure
Idea Box Konect Procedure
|

Concepts

Konect Theoretical
Framework

Methodological
Steps

Konect Procedure Steps

Methodological
Rules

Konect Composition Rules Design Example

Figure 1.1: The term method as applied in the underlying dissertation (according to
Balzert [Balzert & Balzert, 2004].

1.3.2 Scope

The underlying dissertation focuses on the monitoring task of safety-critical systems
and optimization of HMIs for fast and correct detection of critical system states.
The focus is on the graphical forms and thus on the visual component—more precisely
on focal vision. Other components such as audio, haptics, etc. are not considered.
However, it is considered that the method is extensible so that further human senses can
be integrated in future work. Regarding the optimization goal, aims such as usability,

intuitive understanding of visualizations, simple learnability of the HMI, or that the
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HMI is graphically appealing might be conceivable. As the aim of the dissertation
is that the method provides rational justifications for visualizations that can increase
safety of the system, fast and accurate perception was chosen as the optimization goal.
Other aspects like usability can be even contrary and therefore were beyond the scope
of the dissertation: ,,safe HMI principles may accord with usability principles, but may
also conflict with usability” [Rae, 2007].

1.4 Research methodology

,Research is creating new knowledge.” -Neil Armstrong

The overall goal of research is to achieve new knowledge. In this aspect, two quite dif-
ferent branches of research exist: empirical research and constructive research [Hinkel-
mann, 2015]. In empirical research, new knowledge means new understandings about
reality. This can be achieved via empirical studies to test the hypotheses of how the
reality and world around us is working. In constructive research, new knowledge rep-
resents a new artefact (e.g. a method, procedure, concept) that solves a problem.

In the underlying dissertation, the object of research is problem-centred and initiated
as a systematic procedure, which is needed to ensure the quality of the HMI design
solution. This problem can be solved by constructing the artefact (systematic proce-
dure on the basis of a theoretical framework), as described in the objectives section 1.3.
Thus, the dissertation is placed in the scientific area of constructive research.

To establish the scientific quality of the resulting contribution, the dissertation follows
an engineering approach, starting with problem identification followed by the defini-
tion of the requirements. Based on the requirements, a reflection of related work is
conducted to identify the research gap in a better way and allow a target-oriented way
of working for developing a solution. Finally, the solution is evaluated in two different
domains. What has been done in detail is described in the upcoming section in the

chapter’s overview and visualized in Figure 1.2.

1.5 Chapter Overview

The dissertation is subdivided into eight chapters: The introduction described a first
overview of the motivation and problem identification. Furthermore, a first overview
of objectives is given. This is emphasized and specified in greater detail in Section
2 (State of the Art). For this, the domain, in which the dissertation is situated, is
analysed in greater detail. This includes the task (2.1 The Monitoring Task in Safety-
Critical Systems), the actual state of HMIs for monitoring in the safety-critical domain
(2.2), and how the actual state and basics for designing such types of HMIs look like
(2.3). This results in a more detailed problem identification (2.4). Based on this, the

requirements are specified (3). With this definition of the requirements, a deeper look
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into current related works can be carried out to see to what extent problems are already
solvable with similar approaches in the scientific domain. This analysis of related works

further identifies the current gaps in the scientific domain.

2.1 The Monitoring Task in Safety-Critical Systems

2.2 HMIs for Monitori
Identify Problem s tor ivionitoring

2.3 Designhing HMIs for Monitoring

<

2.4 Summary — Actual Problems

Define
Objectives of a

Solution 4 Related Work

3 Requirements

4 <4 <

Conceptualisation
& 5 Conceptualisation of a Konect theoretical

Implementation framework (5.1), a Konect procedure (5.2) and
implementation of a tool support (5.3)

Demonstration

v

6 Evaluation

v

7 Discussion

8 Conclusion & Future Work

Figure 1.2: Chapter Overview with relation to research methodology.

After this step, the dissertation enters into the conceptualization & implementation
step: In Chapter 5, the conceptualization of a theoretical framework (5.1) and a sys-
tematic procedure (5.2) is described and demonstrated according to an engine moni-
toring use case. For being able to apply the method, a tool support was implemented
in Java FX. The tool support is described in Section 5.3.

In Section 6, the Konect method is evaluated. Therefore, the Konect method is applied
in different domains and examined in empirical studies. The paper presents the auto-
motive domain for offering a support for truck platooning and the maritime domain to
support vessel performance monitoring.

In Section 7, a detailed discussion of the achievements acquired with reference to the
definition of the requirements and a discussion of limitations is presented. The dis-
sertation closes with a conclusion summarizing the work presented in the underlying

dissertation and presents an outlook of future scientific investigations (section 8).
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The results and works related to the dissertation have been communicated via publi-
cations. Hence, parts of the following text have already been published. A full list of

publications is given in the appendix.



2 MONITORING IN SAFETY-CRITICAL SYSTEMS

Every scientific work needs to establish its context. Therefore, this chapter looks deeply
into the state of art and basic principles involved in the domain in which the dissertation
is situated: HMIs for monitoring safety-critical systems. The introduction outlined the
central question of the dissertation. When having a look at the basic principles and
the state of art, this question can be detailed and broken down into further concreted
problem statements. These are needed to be solved in this dissertation. For this, the

following aspects are taken into consideration:
e section 2.1 gives a definition of the monitoring task

e section 2.2 describes the state of art of actual HMIs that exist for conducting the

monitoring task

e section 2.3 describes the state of art for designing HMIs for monitoring of safety-

critical systems

This further clarifies the gap that needs to be solved in the underlying dissertation
and leads to a more concrete formulation of actual problems to be solved. These are

outlined in Section 2.4.

2.1 The Monitoring Task in Safety-Critical Systems

As described before, ,safety-critical systems are those systems whose failure could re-
sult in loss of life, significant property damage, or damage to the environment” [Knight,
2002]. The human operator is still responsible for ensuring safe operation of these
systems. In case of any anomaly, the operator should take countermeasures as fast as
possible to restore a stable state of the underlying system. To assess an anomaly, the
operator monitors a broad range of relevant parameters: In this respect, to monitor
a system is ,,to examine the displayed status information, both formal (control panel
displays) and informal (sounds, vibration, smells etc.), to decide whether or not the
system is in a normal state and under control” [Boff et al., 1986]. For this reason,
the human operator looks at the information and draws conclusions about the sys-
tem state. Monitoring does not include any control or actions taken for running the

system: ,,An operator monitors a system when he or she scans an array of displayed

11
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Figure 2.1: Typical control room with operators sitting in front of a range of monitors.

information without taking any action to change the system state. The purpose of
monitoring is to update the operator’s knowledge of the system state and accordingly
to permit decisions as to whether the system would be functioning normally or whether
some intervention by the operator is required.” [Boff et al., 1986]. An example of hu-
man operators monitoring a safety-critical system is shown in Figure 2.1, in which two
human operators monitor an industrial heat and power combined plant. The control
room displayed in this Figure was introduced in 2014 and represents the state of the
art for the actual environment for the monitoring task. A lot of different information
elements have to be monitored. Currently, there exists no official limit for the number
of monitored information elements per operator [Kockrow & Hoppe, 2014]. In indus-
trial plant operations, 80%-95% of the time the human operator is in the monitoring
mode, while 1% - 5% are characterized by high demands due to process disturbances
or unforeseeable operating events [Kockrow & Hoppe, 2014]. Manual interventions are
rather rare and unpredictable, but usually have large impacts and are often subject to
high time pressure as these systems work in real time. In case of any process deviations
or malfunctions, the operator has to act quickly and perceive the critical system state

as fast as possible.

Prior work has shown that the monitoring task is mainly visual, as empirical studies
have revealed quite early that visual performance is superior to auditory performance
[Kennedy, 1971]. This is the reason why the dissertation focuses on a method for

deriving visual forms—this is the preferred medium for the task looked at.
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2.2 HMIs for Monitoring

For analysing the state of the art of HMIs for supervisory control in the safety-critical
domain, the analysis was twofold: On the one hand, the knowledge presented in the
following text is based on latest surveys published in books and literature. On the
other hand, the knowledge was acquired in case studies conducted with industry part-
ners involving HMIs that are actually in use. This included the HMIs used by flight
controllers monitoring the Environmental Control and Life Support System (ECLSS) of
the ISS, the HMIs used by operators monitoring the electricity grid, and the HMIs for
monitoring autonomous underwater vehicles. The case studies are described in detail

in the upcoming subsection.

2.2.1 Case Studies

Three case studies were conducted to assess the state-of-the-art HMIs currently used
by industry partners in the monitoring task of safety-critical systems. The analysed
HMIs are:

(C1) HMI for monitoring the ECLSS: The first HMI was situated in the space
domain and supported the monitoring of the ECLSS of the Columbus Module on ISS.
The ECLSS is a subsystem ,,typical of crewed space vehicles which provides necessary
conditions in order to make life in space possible” [Messerschmid et al., 2013]. This
includes several subsystems that ensure living conditions of the crew on board—e.g.
temperature and humidity control, atmospheric composition and pressure, cabin venti-
lation and air filtration, generation of O2 and Ny and COy removal, and fire detection
and suppression. The correct functioning of the ECLSS is monitored from the ground
in the Columbus control room. The room is divided into six working areas. One of
these areas—the so-called STRATOS—is responsible for monitoring the ECLSS system.

(C2) HMI for monitoring electricity grid: The second HMI was energy-related
and used to monitor the electricity grid. In this case, the control room operators have
to ensure the correct functioning of the distribution of energy from energy supply to
energy consumption. So, it has to be ascertained that the allowed limits for voltage

and power are not exceeded to avoid damage of the technical equipment.

(C3) HMI for monitoring AUVs: The third HMI was situated in the maritime
domain and used to monitor autonomous underwater vehicles (AUV). AUVs are used,
for instance, to inspect the state of tunnel systems for drinking water. In this regard,
relevant parameters as heading, speed, or the depth under water and distance to the
ground have to be monitored. Furthermore, the operator has to monitor the path fol-
lowed by the AUV to ensure that the vehicle follows the desired trajectory [Sahu &
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Subudhi, 2014].

To establish the state of the art of these HMIs, semi-structured interviews were con-
ducted with relevant partners. The procedure followed in the interviews is described in

more detail in the following subsections.

Interview Preparation

Before the interviews were conducted, a familiarization with the domain and the HMIs
was carried out. This was necessary to ensure proper communication with the interview
partners in the technical language and to guarantee that the interview partner could
be understood without problems.

The familiarization was done by reading manuals about the HMI designs in the differ-

ent domains and manuals about the task of the interview partners.

As part of the preparation, task models were created to allow a structured and com-
plete way of conducting the interviews later on. So, the support for each task offered
by the HMI was discussed systematically. This not only ensured a certain degree of

completeness, but also a fluent conversation.

Interview Partners

In all three case studies, the interview partners were operators of the monitoring system.

In case of C1, the so-called flight controller is the main operator: The flight con-
troller monitors the real-time telemetry to ensure that all functions (temperature and
humidity control, fire detection and suppression, atmosphere and pressure control, and
air revitalization) are working correctly. In case of anomalies, he/she is responsible
for rapidly putting the system into a stable state. Two flight controllers participated
in the interviews. Furthermore, a columbus instructor participated to provide further

background knowledge about the technical background and the astronauts’ perspective.

In case of C2, the interview partners were operators monitoring the electricity grid
of a region in northern Germany. These are so-called ,,Schaltmeister”. Three Schalt-

meister attended the interview.

In case of C3, there were three different interview partners (two users operating the
AUV and one user testing the AUV for research purposes and to establish future usage

scenarios). All of them were well acquainted with the HMI.
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Interview Procedure

For each interview, a process protocol was created to ensure a structured procedure.
Each interview began with a short welcome and a subsequent explanation of the main
aims of the interview to enable a focused conversation.

After this first introduction, the HMI was discussed in a semi-structured way based on
the previously conducted task analysis. For each HMI, the advantages and disadvan-
tages were discussed and problems of actual HMIs regarding optimal task support were
reported.

In case of C3, the interview was further structured by applying the human efficiency
evaluator (HEE), a tool for rapid and early efficiency evaluation of HMIs [Feuerstack
& Wortelen, 2017].

The results of the interviews are described in detail in the upcoming section.

2.2.2 State of the Art of Monitoring HMIs in Industry

The case studies as well as the literature analysis led to consistent results regarding
actual state of the art of HMIs for supervisory control: The current HMIs often suffer
from a lot of textual information and numbers with which anomalies can easily be
overlooked. An example can be seen in Figure 2.2. The shown HMI is still in use to
monitor different parameters of the ECLSS system.

The case studies revealed that the reason for text-laden HMIs can be found in history:
Before 1980s, supervisory control often involved physical gauges as pressure gauges,
analogous, or temperature indicators placed on a wall. Additionally, the operators
were supported by an annunciator panel that showed all alarms. ,,Operators had fewer
instruments to monitor, and instruments were grouped on the wall based on operator’s
tasks.” [Opto22, 2014]. With growing innovation, the processes to be monitored became
more complex, and computer systems were introduced to help handle this complexity.
The early computer systems were subject to some technical restrictions. Instead of
visualizing information via gauges, only text was available and the use of colors was
rather limited: ,Many of poor designs are holdovers due to the limitations of early
control systems and the lack of knowledge of system designers” [Gruhn, 2011].

With technological progress of the computer systems, new possibilities for visualizing
information have arrived [Olshannikova et al., 2015]. Interface designers often turned to
so-called piping and instrumentation drawings (P&IDs), which are exemplarily shown
in Figure 2.3.

P&IDs focus on the process hardware and show a representation of the alignment of
physical entities of the system to be supervised. In the example of HMI in Figure 2.3),
one can see overuse of colors and shadows to present the P&ID in a more realistic
way: ,, When computer graphics became really detailed and thousands of colors were

available, they were mostly used to make the same P&ID representations look more
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Figure 2.2: Exemplary Extraction of HMIs for monitoring parameters of the ECLSS

system (based on [Transportation & A/S, 2007]).
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Figure 2.3: Example of typical poor HMI.
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realistic, not to change the HMI to better suit operator’s tasks. Furnaces with dancing
flames and detailed floors and walls don’t provide useful control information; they only
serve to distract the operator on the job” [Opto22, 2014]. The information necessary
to monitor the underlying system as actual temperature or pressure values are only
shown via small text elements positioned next to the visualization of physical elements.
Even though this kind of HMIs show a physical arrangement of technical equipment,
this view is quite static and variable parameters are still visualized as text fields. This
generates the problem that important information can easily be overlooked and the de-
tection of problems or anomalies is impeded. This problem is even aggravated if overuse
of animation and color exists as this results in misplaced salience [Gruhn, 2011]. The
overuse of color and the choice of text for encoding variable parameter values could be
observed in all three case studies. In C3, the position of the AUV and tracking was
offered in a visual form, but further parameters, such as heading or speed, were still

provided as textual information.

Besides the fact that information is strongly shown quite inefficiently via text fields,
actual HMIs also suffer from the structure: ,,They have no hierarchy, and are inten-
tionally a very ’flat’ view of every element of the process rather than supporting ’drill
down’ for additional information” [Nimmo, 2012] [Opto22, 2014]. An aggregation of in-
formation to visualize the overall system state is often missing [Burns & Hajdukiewicz,
2013]. This missing overview could also be observed in all three case studies. Thus, the
operators have to search quite extensively and during this search process may even have
to switch between different HMI views (observed in C1 and C2). This missing overview
of the parameters and the telemetry causes a high workload of human operators. This
leads to the fact that ,increasingly, ineffective or misleading human-machine interfaces
(HMIs) are being cited as causes in industrial accidents” [Opto22, 2014]. This aspect
shows that the HMI is not optimally adapted to the operators’ tasks.

In all the three case studies, the characteristics of poor HMIs, according to Gruhn
[Gruhn, 2011], were existent. These are presentation of raw data like numbers (tem-
peratures, pressures etc.), no trends, flashing and spinning graphics, use of bright
colors and 3D-shadows, color coding of piping and vessel contents, lots of crossing
lines, alarm-related colors for non-alarm related elements, and inconsistent color usage
[Gruhn, 2011]. This can lead to major problems: Still today, ,,poor HMI designs have
been identified as factors contributing to abnormal situations, billions of dollars of lost
production, accidents, and facilities. Many HMIs actually impede rather than assist
operators” [Gruhn, 2011].
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2.3 Designing HMIs for Monitoring

As stated in Section 2.2, the currently used HMIs for conducting supervisory control of
safety-critical systems are suffering from different aspects: HMIs are often text-laden,
presenting raw data, such as temperature or pressure, as numbers. Visuals as graphics
and bright colors are used for styling purposes instead of showing information and are
often used inconsistently [Gruhn, 2011].

This aspect could be attributed to the state of the art of procedures or approaches
of the designers to come up with an HMI: | In fact some designs are actually worse
than older designs! Just as a computer is not a typewriter, new HMI designs should
not mimic those of old. The problem is that many designers often simply don’t know
better.” [Gruhn, 2011].

Analogous to the currently used HMIs (2.2), the state of the art of the procedure
applied to designs, such an HMIs, is also based on the literature and knowledge ac-
quired in the three case studies described previously.

The state of the art for designing HMIs for supervisory control in the safety-critical

domain can be subdivided into two different approaches, which are shown in Figure 2.4.

The first approach lies in adding ad hoc the whole user interface at the end of the
software engineering process by applying creativity and vague guidelines. The case
studies revealed that the designs are often done by engineers who are in most cases
also in charge of implementing the design solutions. The information shown on the
HMI, the structure of this information, and the graphic form design of the information
is based on a vague way of proceeding rather than on sound engineering methods. So,
the result is strongly influenced by the intuitions of the engineer and in this case the
designer who developed the HMI: ,,Empirical studies have made clear that one should
not rely on intuitions alone to judge the effectiveness of visual displays, as people’s
intuitions about displays are not necessarily a good indication of their effectiveness”
[Hegarty, 2011]. The case studies revealed that no evaluation with users (as it is quite
common in user-centred designs) takes place in most cases.

The second approach applies the so-called human factors (HF) method for systemati-
cally deriving the information elements to be shown on the HMI as well as the structure
for these information elements in accordance with the operators’ tasks (Task analysis)
or the systems structure (ecological interface design). Task analysis (TA) analyses
the tasks a human operator must conduct while supervising a safety-critical system.
Ecological interface design (EID) analyses the functional purpose of the system to be
supervised and the functioning and operating principle in the form of a systematic,
structured work domain analysis. In this case, the information shown on the HMI
as well as the structure of this information can be derived systematically following a

sound engineering method. But regarding the graphic form design, creativity and vague
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Figure 2.4: State-of-the-art for designing HMIs for supervisory control in the safety-
critical domain.

guidelines are utilized for designing the visual appearance of the HMI.
The current approaches for designing HMIs can be roughly subdivided into four main
categories: guidelines, procedures, standards, and patterns. The details are described in

the upcoming subsections.

2.3.1 Guidelines

Guidelines give advices in the form of a list of rules or best practices applicable in
the design phase. These guidelines are often not ordered in a way that they could be
applied stepwise for systemizing the design activity. Instead, they represent general
guidance via aspects to be considered during the design phase. The examples of guide-
lines actually applied for creating HMI designs are the following:

Shneiderman’s 8 Golden Rules for Display Design: Shneiderman’s 8 Golden
Rules for Display Design represent well-established rules to be recognized during de-
signing [Shneiderman et al., 2016]. These rules represent a generic guide to good
interaction design applicable to most interactive systems. According to Shneiderman,
a good user interface design for effective interaction should: strive for consistency, en-
able frequent users to use shortcuts, offer informative feedback, design dialogue to yield
closure, offer simple error handling, permit easy reversal of actions, support internal

locus of control, and reduce short-term memory load.

Nielsens 10 Usability Heuristics: Similar to Shneiderman, Nielsen presented broad
principles for interaction design and aspects that need to be minded during the de-
sign phase. These are visibility of system status; match between system and the real
world; user control and freedom; consistency and standards; error prevention; recogni-
tion rather than recall; flexibility and efficiency of use; aesthetic and minimalist design;
help users recognize, diagnose, and recover from errors; and help and documentation
[Nielsen, 1994, Nielsen & Molich, 1990].
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Tognazzini’s List of basic principles for interaction design: Compared to Shnei-
derman and Nielsen, Tognazzini presents the longest list of guidelines. The principles
are compatible with the principles of Shneiderman and Nielsen; they can be used as
a kind of checklist to ensure that the different aspects (e.g. consistency) were minded

during the design phase [Tognazzini, 2016].

While the previously presented guidelines are strongly situated in the generic field
of usability engineering, some guidelines have a stronger focus on safety-critical sys-

tems:

Practical Human Machine Interface Principle for Safe Computer Controlled
Systems: Rae [Rae, 2007] addresses design principles for safety-related computer sys-
tems. The principles provide general aspects to be minded during the design phase
of HMIs specifically addressing safety-critical systems. These are, for instance, that
the HMI should make the operator aware of the current state of the controlled system,
as it relates to safety, or that the HMI should alert the operator to consequences of
potentially unsafe actions [Rae, 2007]. These principles provide a generic overview and

no hints of any visual representation are given.

EEMUA 191 Alarm Systems: The EEMUA is the Engineering Equipment & Ma-
terials Users’ Association, which is a non-profit distributing industry association and
considered as ,,the leading source of good practices with respect to alarm management
techniques” [Fiset, 2009]. The EEMUA 191 was released in 1991 and represents the
basic guidelines of how to improve alarm management systems, especially in industrial
processes. The guidelines provide well-established rules on how to set alarm parame-
ters, alarm constraints, and provide standard texts for alarm messages [Equipment &
Association, 2007].

NUREG-0700: NUREG-0700 provides guidelines for the human interface design for
nuclear power plants [Commission, 2002]. The guidelines embody 18 principles to be
considered when creating the HMI for such systems. These are personnel safety, cogni-
tive compatibility, physiological compatibility, simplicity of design, consistency, situation
awareness, task compatibility, user model compatibility, organisation, logical/explicit
structure, timeliness, controls/display compatibility, feedback, cognitive workload, re-
sponse workload, flexibility, user guidance and support and error tolerance and control
[Rae, 2007]. In actual practice, these guidelines are mainly applied for reviewing after

the design phase instead of constructing the HMI.

Gnome Human Interface Guidelines: The Gnome Human Interface Guideline

[Day, 2016] offers assistance on how to design effective window applications. While
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EEMUA 191 focuses specifically on the surrounding aspects for alarm management,
the Gnome Human Interface Guideline provides, for instance, more specific guidelines
for the visual appearance of alert messages—e.g. that an alert window should be raised
above an application and it should have no title. These guidelines are quite specific for

typical WIMP! applications and represent a kind of more generic style guide.

In the previously mentioned guidelines, the focus does not lie on the visual repre-
sentation of such HMIs, but provide rather generic guidance for the interaction design.
The highest focus regarding the graphic form representation is contributed by Hollifield
et al. [Hollifield et al., 2008]:

Basic Principles for High Performance HMIs: Hollifield et al. [Hollifield et al.,
2008] presented a comprehensive guide to design, implement, and maintain effective
HMIs for industrial plant operations. These guidelines offer the highest amount of
principles addressing the graphic form design. Examples are, for instance, that the
amount of text should be minimized and that all display screen lettering should be in
non-serif fonts. Furthermore, the HMI should strive for a limited use of color and that

display elements have consistent visual and color coding.

Most guidelines focus on the usability (Shneiderman’s 8 Golden Rules, Nielsens Us-
ability Heuristic) of the systems. In this regard, ,learnability is in some sense the most
fundamental usability attribute, since most systems need to be easy to learn and since
the first experience people have with a new system is that of learning to use it” [Nielsen,
1994]. So, usability has a strong focus on supporting end-users or novice users rather
than expert users. Nielsen presented the learning curves and the usage efficiency for
the two different kind of systems (see Figure 2.5): A hypothetical system that focuses
on novice users should be easy to learn. But as a consequence, it is often less efficient
to use compared to a system designed for expert users which is hard to learn but highly
efficient to use. This is emphasized by Rae who is situated in the safety-critical domain
and described that ,,safe HMI principles may accord with usability principles, but may
also conflict with usability” [Rae, 2007]. This is the reason why the Konect method
developed in the underlying dissertation aims for fast and correct perception of critical
system states and will not focus on usability. This is further underlined when comparing
guidelines specifically positioned in the safety-critical domain, such as NUREG-0700,
to the usability guidelines of Shneiderman, Nielsen, or Tognazzini: Some guidelines are
relevant in both domains (e.g. consistency), but the safety-critical domain additionally

aims for timeliness, simplicity in design and cognitive compatibility.

'WIMP stands for ,windows, icons, menus, pointer” and represents the typical interaction style
used on windows-based desktop computers
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Figure 2.5: Difference between learnability and usage efficiency for systems for novices
and systems for expert users (based on [Nielsen, 1994]).

2.3.2 Patterns

Patterns describe the reusable design elements that have been proven to be efficient.
This was provided, for instance, by Tidwell [Tidwell, 2010] or Hussey et al. [Hussey,
1999].

Tidwell: Tidwell presents an extensive collection of various design patterns ranging
from interaction patterns (e.g. menu navigation) over displaying complex data struc-
tures to visual aesthetics. In the underlying dissertation, the displaying of complex
data, in particular, is relevant. In this connection, Tidwell presents different patterns.
An example is shown in Figure 2.6. This example represents the ,data spotlight” pat-
tern in which the user can click on relevant data to get a more salient representation.
Tidwells pattern are strongly situated in the WIMP domain (and lately added some
pattern for mobile devices). The example shows that the focus strongly lies on design-
ing interaction for end-users in everyday-life applications and not in the safety-critical

environment.

Hussey et al.: In the safety-critical domain, Hussey et al. contributed design pat-
terns. These patterns are derived through review of safety-critical interface literature
[Rae, 2007]. Compared to Tidwell, Hussey’s patterns remain quite generic as no visual
solution is presented. Hussey rather describes the concepts to be considered for differ-
ent cases—e.g. ,if the system has entered a hazardous state, the user should be notified
of the state that the system is currently in and the level of urgency with which the user
must act.” [Hussey, 1999].

2.3.3 Standards

While the guidelines and patterns described previously offer loose guidance and advice

on how to design HMIs, the standards can be seen as established norms.
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Figure 2.6: Data Spotlight Pattern (based on [Tidwell, 2010]).

IS0O-9241: The 1SO-9241 [ISO, 2006] is the most known source for standards linked
to human machine interface design. It presents ergonomic requirements for office work
with visual display terminals. The parts of the standard cover, among others, menu de-
sign, form-filling, keyboards and displays. Examples of rules are that dialogues should
mind suitability for the task, suitability for learning, suitability for individualization,
conformity with user expectations, self-descriptiveness, controllability and error tol-
erance. Like the guidelines of Shneiderman, Nielsen, and Tognazzini, the 1SO-9241

focuses on usability, which is not the intended field of Konect.

ISA-5.5-1985: The ISA standard provides a list of industry-accepted graphic symbols
for process control applications—e.g. that red is always used as color code for an alarm

or the icon representations for electrical equipment [ISA, 1985] [Fiset, 2009].

MIL-STD-1472F: MIL-STD-1472 represents the USA military standard for user-
computer interfaces. This standard offers general principles (similar to ISO-9241), but
also very specific guidelines for the appearance of displays and controls [Rae, 2007]—
e.g. that in case of visual alert management using flash coding no more than 3-5 flashes

should be used per second.

NASA-STD-3000: Compared to the MIL-STD-1472, the NASA-STD-3000 provides
the equivalent NASA guidance. This guide also gives a general overview of the norms

to be applied—e.g. that a simple design is preferable.

The aforementioned standards are quite similar to the guidelines and patterns. They
do not offer a systematic engineering method to apply the knowledge stepwise for
generating visual forms. Regarding the visual forms, they are often too concrete (e.g.
ISA-5.5-1985) to establish a new innovative and fast way for an optimal solution for
fast and correct perception or too general (e.g. 1SO-9241 or NASA-STD-3000) for the

problem addressed in the underlying dissertation.
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2.3.4 Procedures

Procedures for the HMI design in the safety-critical domain are two-fold: Some are con-
structive procedures for designing HMIs, while the others are verification procedures.
For the latter, THERP [Kirwan, 1996a] is an example. THERP is a technique for
predicting human error-rates. This is mainly done on the basis of the tasks themselves
rather than on the HMI. As the verification of HMIs in the safety-critical domain is a
broad field which lies not in the focus of the underlying dissertation (as it rather fo-
cuses on an engineering method for constructing an efficient HMI Design), no details of
the HMI verification are given here. The details can be found for instance in [Kirwan,
1994a] [Bell & Holroyd, 2009].

With regard to the design construction procedures only the ones are considered that
are common in the safety-critical domain. In the end-user domain, there exists the
human-centred design process [ISO, 2006] which explores iteratively design options by
evaluating different designs with users. The professional users in safety-critical domain
are rare, expensive, and in most cases not available for empirical evaluations—this
makes the human-centred design process less applicable in the safety-critical domain.
The design construction procedures are common in the safety-critical domain consid-
ering two different perspectives: a human-centred perspective and a system-oriented
perspective. In the first case, the information that is important for the human operator
is raised by investigating routine operations via interviews, the literature review, or ob-
servations. This can be structured by conducting a task analysis (see subsection 2.3.4
for details). The second aspect (system-oriented perspective) provides not only support
for routine monitoring tasks, but also for supporting the problem-solving activity of
the human operator in unforeseen situations. For collecting the necessary information,

a work domain analysis is carried out (see subsection 2.3.4 for details).

Task Analysis

As stated before, the task analysis focuses on routine operations a human operator
executes. This involves ,identifying tasks, collecting task data, analysing the data so
that tasks are understood, and then producing a documented representation of the
analysed tasks” [Nemeth, 2004]. The documented representation of the analysed tasks
can be done in the form of a hierarchy (HTA) [Nemeth, 2004] [Stanton et al., 2006].
In this regard, tasks on higher abstraction levels are iteratively divided into lower level
subtasks. On the lowest abstraction level these tasks represent concrete actions. In this
way, an abstraction hierarchy of tasks is constructed. The task models contain all data
or information which is necessary to execute the tasks successfully—e. g. parameters
to monitor the process state. These information elements deliver essential requirements
for the design of the human machine interaction and the human machine interface—for
instance, graphical displays, which present the necessary information in an adequate

presentation form at any point during task execution.
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The task model can be documented in the form of a task tree (cf. e.g. Figure 2.7). The
nodes in the task tree represent tasks. Arcs between the nodes indicate a task—sub-
task hierarchical relationship, meaning that in order to perform the top-level task, the

sub-tasks on the next level have to be performed.

In this manner, a deep understanding of the work performed and information needed
by the human operator can be systematically build up.

Diaper suggests that ,,task analysis is potentially the most powerful technique available
to human-computer-interaction (HCI) practitioners, and it has potential application
at each stage in the system design and development process” [Diaper & Stanton, 2003]
[Stanton et al., 2006]. Ware states that this kind of knowledge is needed to derive suc-
cessful designs: ,[...] in order to do successful design we must understand the cognitive

tasks and visual queries a graph is intended to support.*“[Ware, 2010]

Subtask

[ Subtask ] { Subtask ]

Figure 2.7: Example for HTA structure.

Ecological Interface Design (EID)

While task and procedure models determine the behaviour in well-defined situations,
work domain models are constructed to support monitoring and controlling in unfore-
seen situations—e.g. unforeseen disturbances. In such a case, operators need to have
a clear understanding of the underlying system to detect and diagnose the failure or
even failures to initiate the right countermeasures. This is the basic concept of eco-
logical interface design (EID)—a theoretical framework developed by Kim Vicente and
Jens Rasmussen for designing interfaces for complex human-machine systems [Vicente
& Rasmussen, 1992] [Burns & Hajdukiewicz, 2013]. To establish the information to be
shown on the HMI, EID applies a so-called abstraction hierarchy (AH). This hierarchy
is shown in Figure 2.8 and explained in detail in the following text using a simplified

structure of an aircraft as a continuous example to illustrate the concept.

Functional Purpose
On this layer the purpose for which the system is developed is described. The

purpose of an aircraft is to transport passengers from A to B. Further criteria
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Figure 2.8: Abstraction Hierarchy (AH) of EID framework.

need to be defined to estimate if the system is working correctly: The passengers

should be transported safely and on due time.

Abstract Function
On this layer the underlying laws and principles that exist in the system are
described. In most cases, these are physical laws to calculate mass, energy, or
information. Further laws to describe the abstract function are organizational
and legal principles. For the aircraft, the physical laws of mass movement, energy
generation, and conservation can be applied. For instance, energy never gets lost,
but is only transformed from one form into another (e.g. potential energy can be

transformed into kinetic energy and vice versa).

Generalized Function
On this layer the basic functions, which realize the laws and principles on the
abstract function layer, are described. In case of the aircraft, these are the basic
functions that are used, for instance, to reduce kinetic energy and altitude during
landing to ensure a smooth and safe touch down on the runway. In contrast to the
abstract function, where only the laws and principles are listed, the generalized
function layer describes which functions are applied in what sequence. Thus, in
addition to the relationships based on physical laws, the flow of masses, energy,
and/or information is considered. The aircraft has potential energy, which has
to be reduced during landing. The plane is equipped with specific mechanisms
to reduce altitude, speed, and to maintain lift. These mechanisms have to be
coordinated adequately at different points in time to ensure that potential energy
is reduced, while at the same time the lift is maintained. On the generalized func-
tion layer the time sequence is described by in-and output relationships: Potential
energy is reduced during descend. This, in turn, increases the speed, which needs
to be compensated using mechanisms to reduce the flow of fuel and by mecha-

nisms to change the air flow. A decrease of speed needs to be compensated by
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mechanisms for maintenance of lift etc. In an industrial production process, the
generalized function layer describes the flow and transformation of raw material

via heating, cooling, shaping, grinding, pressing, or rolling.

Physical Function
On this layer the system components with their physical characteristics are de-
scribed. While the generalized function level just depicts the mechanisms to re-
duce height, a description of how the mechanism is concretely realized is provided
on this level. For instance, the decrease of altitude is achieved by movement of
the elevator surface. The physical function of the elevator is the vertical rotation

of the surface.

Physical Form
On this layer the physical system components are described with regard to their
physical appearance: shape, dimension, color, position, and material. For exam-
ple, the elevator is positioned at the aircraft tail unit. Any information should
only be included in the abstraction hierarchy if it has a potential relevance for

the modelling objective: support for detection and analysis of unforeseen events.

Unlike classical part-whole hierarchies, the levels in the functional abstraction hierarchy
are connected via means-end links: The functional purpose is realized by making use
of the physical laws (abstract function); therefore, these laws are realized by applying
certain generalized functions in specific sequences; the generalized functions are realized
by physical system components, which are described with regard to their physical
functions and their physical forms creating the physical function. This structure shall
support operators in problem-solving. If the system is working correctly, the principles
and general conditions on each level, as well as their relationships, are fulfilled; in case of
failure, some of them are violated. The abstraction hierarchy allows to systematically
“zoom” into the system via the means-end links. Often a failure becomes apparent
at the system surface by the fact that a particular purpose of the system is not fully
obtained any more. Starting from there it is possible to detect the physical laws that
are violated due to the fact that particular generalized functions are not fulfilled, which
can be further tracked down to the loss physical functions and thus to malfunctions of

one or more system components. The °

‘zooming” from abstract levels to more concrete
levels allows to focus on those physical components, which are involved in producing
the violated functions. In this way, the abstraction hierarchy allows goal-oriented and

efficient problem-solving, and thus, countermeasures can be initiated faster.

2.4 Summary — Actual Problems

In the previous sections, the state of the art has been examined by looking at two

different perspectives: the state of the art of HMIs actual in use and the state of the
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art of their design procedure. With regard to this state of the art, various problems

were identified:

P1. No systematic procedure All approaches presented in the previous section do
not come up with a systematic procedure enhanced with a sound theoretical basis
about efficiently perceivable visual forms as it is aimed in the underlying dis-
sertation. EID and TA can determine information and structure of the HMI, but
they do not systemize the finding of optimal graphical design solutions. This leads
to HMI designs that are suboptimal regarding the visualization, which impedes

fast and correct recognition of critical system states.

P2. Visualizations are not rationally justified The case studies revealed that vi-
sual forms are often chosen intuitively without any objective reason. Thus, the
efficiency of chosen visualizations is strongly based on the designer’s intuition.
As this can be erroneous, this might not lead to an efficient HMI for the mon-
itoring task [Hegarty, 2011]. The latter aspect was also observable in the case
studies. The dissatisfaction of users with the current HMIs has also led them to

increasingly demand objective reasons for selected visualizations.

P3. HMIs are not well tailored to the operator’s tasks The case studies as well
as the literature revealed that HMIs are currently not well tailored to the tasks
of the operators. This is based on the structure—e.g. the operators have to
switch between views to collect information needed in one task and on the visual
form, for instance, by using textual information for encoding variable parameters
impedes fast and correct recognition of anomalies: ,, Text fields are an inefficient
way for humans to interpret information. Humans can interpret more information

more quickly if it’s presented graphically.” [Gruhn, 2011].

P4. Missing Overview The state of the art revealed that on most HMI designs an
overview is missing. During the case studies, the interview participants expressed
that they would appreciate such an overview to estimate the current systems state

with one glance.

P5. Misplaced salience The HMIs that were analysed to ascertain the state of the
art suffered from misplaced salience: Nearly all HMIs used visual forms that do
not encode information, but are used for supposedly decorative purposes. As
these visual forms misguide the operator’s attention, they also impede the fast

and correct recognition of anomalies.

P6. Difficulties applying guidelines, patterns, standards, procedures The ac-
tual state of the art for designing such HMIs showed that there exist different
guidelines, patterns, standards, and procedures (see section 2.3). The case studies
revealed that the application of such guidelines, patterns, standards, and proce-

dures is a major problem as they often span a high number of pages and there is
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no exact guideline. This problem is exacerbated by the difficulty of conducting
empirical tests in the safety-critical domain: The intended users of these HMIs
are experts in their domain. These experts are rare and expensive. Furthermore,
testing is difficult because the tests must be conducted under laboratory con-
ditions, as testing under more realistic conditions might pose serious threats to
the safety of the whole system. Nevertheless, the quality of the HMI must be
guaranteed, especially regarding to the intended use (ensuring the safety of the

whole system).
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3 REQUIREMENTS

The previous sections examined the state of the art existing in the domain the disserta-
tion is situated in. With this examination, it was possible to further specify problems
and gaps to be solved (see section 2.4). This problem specification is used to infer the
objectives and requirements the Konect method should fulfil:

P1 and P6 revealed that currently no procedures for deriving visual forms exist and
standards, patterns, and guidelines are rarely applied. This leads to various problems
with the resulting HMI designs, as chosen visualizations are not rationally justified
(P2) and produce misplaced salience (P5). Moreover, such visualizations are not well
tailored to the operator’s task (P3), and in most cases, do not provide an overview of
the parameters that allow a quick assessment of the system status at a glance (P4).
For addressing these problems, the quality of the resulting HMI has to be ensured di-
rectly at the design stage. This can be achieved by following engineering method.

This leads to the first requirement that can be viewed as the overall objective:

O — The dissertation should provide a constructive method that allows
systematic derivation of information visualizations optimized for fast and

accurate perception.

As this constructive method follows an engineering approach, as presented by Feld-
husen et al. [Feldhusen & Grote, 2013], Ehrlenspiel et al. [Ehrlenspiel & Meerkamm,
2013] or Eder et al. [Eder & Hosnedl, 2007], it will follow the requirements for such
constructive methodologies, as specified by Feldhusen et al. [Feldhusen & Grote, 2013]
and described in Section 1.2. This takes into account also the fact that the method
is not restricted to be used by designers, but should be also applicable by engineers.
Furthermore, the method will address the problems specified in Section 2.4. This leads

to the following requirements for the resulting method called Konect:

R1 — Konect should work in a problem-oriented manner and thus be

industry-independent for every design activity.

The case studies presented in the previous section were conducted in three dif-

ferent domains and branches of industry. Even if the domains were different, the
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problems in the areas are similar. Thus, the method to be developed should work
i a problem-oriented and industry-independent manner. Furthermore, this re-
quirement is based on the characteristics that need to be fulfilled by a constructive
method. This implies that the method is not limited to one domain (e.g. mar-
itime). Instead Konect should be applicable in various domains, such as automo-
tive, maritime, control rooms, and rather works in a problem-oriented manner.
Problem-oriented means that the monitoring task is supported with regard to prob-
lems to be solved (fast and accurate detection of system criticality) independent

of the domain.

R2 — Konect should promote invention and knowledge, and thus, should

facilitate the finding of optimal solutions.

In relation to the actual state of the art, current HMIs are often text-laden and
do not use visualizations for representing information graphically (P2). Further-
more, actual designs are not well tailored to the operator’s tasks (P3) and suffer
from misplaced salience (P5). In this regard, the question arises how designers
can be encouraged to prefer suitable graphical visualizations during the design pro-
cess to visualize information instead of showing raw text or numbers. Therefore,
the creativity of a designer has to be fostered and at the same time guided into
a way for using more efficient visualization attributes to result in an
optimal solution. These aspects result in a more detailed specification of this

requirement in the following sub-requirements:

R2.1 — Konect should allow creation of innovative new graphic forms.

The construction method should facilitate the finding of an optimal solution.
The optimal solution might not always be realizable via simple visual forms.
Also, the high-usage of text should be avoided and thus the creation of new
mnovative graphic forms should be allowed to result in an optimal HMI solu-
tion for the monitoring task at hand. The term optimal is further specified
m R2.3 and R2.4.

R2.2 — Konect should foster creativity of the constructor/designer.

This requirement is necessary for promoting invention and knowledge and for
finding an optimal solution as the optimal solution can be a quite new inno-

vative form.



Chapter 3. Requirements 33

R2.3 — Konect should optimize the time needed to perceive a criti-

cal system state.

This requirement specifies the first optimization objective of the Konect method:
A critical system state should be perceived by the human operator as fast as
possible so that he/she can execute adequate countermeasures in time. This
will further ensure the suitability of the chosen visualizations with the task of

the operator and addresses P3.

R2.4 — Konect should optimize the accuracy of perceiving criticality
of a system state in terms of reducing the amount of overlooked crit-

ical information relevant for estimating the system’s criticality level.

This requirement specifies the second optimization objective in a way that the

amount of assessment failures for critical system states should be reduced.

R2.5 — Konect should tailor the HMI to the operators tasks.

As described in the state of the art, current HMIs are often not optimized to
adequately support the human operator in conducting his/her tasks efficiently
(P3). HF methods, such as the EID or task analysis, already head towards as-
sessing the tasks of the human operator to allow a better tailoring of the HMI
to the human operator’s work. As these methods consider only information
elements and structure of these elements and neglect systemizing the choice
of exact visual forms, Konect should consider the tailoring of the visual form
to the operator’s tasks. Therefore, Konect has to mind the expressiveness of
visual forms. Expressiveness means that a graphical form exactly encodes the
information needed by the human operator and does not allow less or more

(e.g. missing information or misinterpretations).

R3 — Konect should be compatible with terms, methods, findings of

other disciplines.

As the state of the art revealed that there exist different approaches for design-
ing HMIs in the safety-critical domain (see section 2.3), the new method should
consider previous works and be compatible with terms, methods, and findings.

Furthermore, R3 is based on the requirements for a constructive method specified
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by Feldhusen et al. [Feldhusen & Grote, 2013]. This can be specified in more
detail:

R3.1 — Konect should represent an extension of existing HF meth-

ods or allow compatibility with them.

The HF methods, such as the EID or task analysis (see Section 2.5.4), repre-
sent the state of the art for engineering an HMI in the safety-critical domain.
The state-of-the-art section revealed that there exists a gap regarding the exact
visual form (P1). This should be closed by the Konect method. So, the Konect
method should directly build upon the state of the art so that the current en-
gineering way for defining such HMIs can still be applied, but in an enhanced

manner for specifying the exact visual form.

R3.2 — Konect should consider previous knowledge coming from the
data visualization domain and the way of working in this domain

(e.g. abstraction level).

The Konect method considers, on the one hand, the actual state of the art for
engineering HMIs (see R3.1). On the other hand, the Konect method should
bridge the gap between these HEF methods and the visualization of information.
Therefore, the Konect method has to apply knowledge coming from the data vi-
sualization domain. To include knowledge coming from this domain and to be
able to later adapt or extend the method based on new findings in this research
area, Konect should not only consider the actual knowledge coming from this

domain, but also the way of working in this domain (e.g. abstraction level).

R3.3 — Konect should be compatible with guidelines and standards

existent in the HMI design for safety-critical systems.

Besides HF methods (R3.1) and the data visualization domain (R3.2), Konect
should be compatible with guidelines and standards existing in the domain
(HMI design for safety-critical systems). This is especially important regarding
the standards as NASA-STD-3000 or 1S0O-9241: The Konect method should
enhance the HMI design activity with knowledge and a systematic procedure
for finding an optimal visual solution. At the same time, it has to be ensured
that requirements coming from the standards can be fulfilled and that promoted

knowledge in Konect does not conflict with the instructions in the standards.
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R4 — Konect should not create solutions by chance.

This requirement addresses P2 and is absolutely necessary as Konect follows an
engineering approach and thus HMI solutions should not be created by chance,

but should be rationally justified. This leads to further sub-requirements:

R4.1 — Konect should work with rational constraints.

To have a rational justification for choosing a certain visualization, Konect

should work with rational constraints.

R4.2 — Konect’s rational constraints should offer compatibility with

perceptual and cognitive skills.

The constraints mentioned in R4.1 should be based on the perceptual and cog-
nitive skills of the human operator: As the state of the art of current HMIs
revealed, the choice for visualizations for the information shown on the HMI
is not optimal with regard to human perceptual skills. The focus is rather on
old systems and process hardware than the operator’s mind [Opto22, 2014]. To
provide visualizations that are optimized for the human operator’s perceptual
skills a design method has to mind these cognitive abilities. For this, the under-
lying dissertation has to examine actual cognitive models for human perception

and ways as to how these models can inform the design.

R4.3 — Konect should provide a theoretical framework for rationally

supporting decision-making for visual forms during design phase.

The aforementioned rational constraints have to be made applicable in an en-
gineering procedure. Therefore, the knowledge has to be captured in an appro-

priate form. This can be done in form of a theoretical framework.

R4.4 — Konect’s theoretical framework should offer help for synthe-

sizing visual elements appropriately.

This requirement is derived on the basis of concepts of engineering methodolo-
gies and construction theory. Hansen presented the requirements for a system-
atic construction system [Feldhusen & Grote, 2013/, stating that the possible

construction elements should be combined appropriately as all different solu-
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tions arise from such combinations. This step is often called synthesizing in

the engineering theory.

R5 — Konect should allow easy transferability of design solutions to

related tasks.

This requirement arises from characteristics that have to be accomplished by the
construction methodologies in the engineering domain (see section 1.2). This can

be concreted as follows:

R5.1 — Konect’s theoretical framework should be based on percep-
tual and cognitive skills of humans in general and thus be domain-

independent.

The HMI solutions created with Konect should be easily transferable to re-
lated tasks. For this, the theoretical framework should be based on perceptual
skills of humans in general (instead of being specifically compliant with cog-
nitive skills and prior knowledge of a certain group of expert operators [e.g.
the control room operator for a specific power plant or truck driverf). Thus,
the HMI solutions are domain-independent regarding the rational constraints
posed by the theoretical framework and are consequently transferable to related

tasks in other domains.

R5.2 — Konect’s procedure should work on a partially abstract level

that creates generally valid reusable solution documents.

This requirement is again based on the aspects important for constructive
methodologies (see section 1.2) and is absolutely necessary for the transfer-
ability of HMI solutions to related tasks.

R6 — Konect should be teachable and learnable.

Feldhusen et al. stated that each constructive method should be teachable and
learnable [Feldhusen € Grote, 2013]. As Konect represents such a method, it

should follow this requirement. This will help to overcome P6 that current stan-
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dards, guidelines, patterns, and procedures are actually not applied as the learning

curve is too high and no systematic step by step approach can be followed.

R7 — Konect offers a numeric indicator system' for roughly comparing

alternative solutions.

As the Konect method is oriented towards the construction system according to
Hansen [Feldhusen & Grote, 2013/, the Konect method might offer a numeric
indicator system. With such an indicator system, it is possible to determine de-
ficiencies of different HMI solutions systematically and determine the solution
with the least amount/ lowest sum of deficiencies. Furthermore, this numeric
indicator system offers a demonstration of rational reason for choosing a visual

form and thereby addresses P2.

R7.1 — Konects numeric indicator system should reveal deficiencies

of a design solution.

This requirement was directly derived on the basis of the construction system

according to Hansen, as described before.

R8 — Konect should lead to a solution document that is usable as input

for a software engineering process.

Similar to requirements specified before, this requirement is also directly derived
from the characteristics of a construction method. A solution document, usable
as direct input for a software engineering process, allows a sound implementation
of the HMI design solution that can ensure the functional validation of the design

and traceability in a VEV activity.

lgerman original: Kennzahlensystem
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4 RELATED WORK

Figure 4.1 gives an overview of the related works in comparison with the requirements
of the Konect method developed in the dissertation. The details are described in the
upcoming text. The requirements form the first row of the table shown in Figure 4.1

and are used as categories for comparison with related work.

User interface engineering that involves the systematic derivation starting from user
scenarios, via task analysis, to the modelling of abstract, modality independent to con-
crete and final, executable user interfaces presentations has a long-lasting background
in the user interface engineering domain [Meixner et al., 2011]: Model-based user
interface design (MBUID) succeeded in generating (multimodal) form-based inter-
faces for that widgets are pre-set (e.g. via a toolkit). These methods mind a systematic
procedure at the expense of creativity and a total design space. They can only be ap-
plied for a small range of user interfaces as toolkit widgets are limited. This aspect
leads to the fact that the requirement R2.1 (new graphic forms), as shown in Figure
4.1, cannot be fulfilled and that MBUID does not foster creativity (R2.2). In contrast
to these works, Konect aims at having a systematic approach that still leaves open the
design space to very different and creative visual solutions and still minds the efficiency
of visual forms. The similarity is that both approaches strive for systematization to
offer a sound engineering base for HMI design. Both offer traceable design decisions—
e.g. via mappings between models [Stanciulescu et al., 2005]. This is the reason why
MBUID fulfils R4 (rational constraints) and provides task fitness (R2.5) as well as a
solution document (R8). An example of such an MBUID method is Gummy [Meskens
et al., 2008]. Gummy offers a systematic procedure for designing user interfaces for
different computing platforms.

MBUID is mainly situated in the end-user domain, as most often desktop or web-
based user interfaces are in the main scope. Furthermore, the main optimization focus
of MBUID lies in optimizing the usability of these systems. Thus, compared to the
Konect method, MBUID is situated in another context and does not directly aim for
optimization of fast and accurate perception (R2.3, R2.4) and does not consider foster-
ing the creativity of the designer.

In addition, MBUID does not offer any numeric indicator system as intended by the
Konect method (R7).

Nevertheless, MBUID is industry-independent (even though mainly focusing on WIMP
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Figure 4.1: Overview of related procedural approaches for deriving visualizations.
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applications) and is teachable and learnable as concrete instructions that can be fol-
lowed (e.g. [Meskens et al., 2008] exist.

Design Thinking is widely applied in the user-centred design process. Design thinking
is based on the assumption that problems can be better solved if people from differ-
ent disciplines work together in a creativity-promoting environment, jointly develop a
question, consider the needs and motivations of people, and then, develop concepts that
are tested multiple times. Compared to MBUID, design thinking focuses on fostering
creativity and aims for coming up with innovative solutions (R2.1, R2.2). This is done
at the expense of a systematic procedure that allows the traceability of design decisions.
Such traceability might only be achieved in case that the design activity is carefully
documented. But this is not the main objective of design thinking. This leads to a
missing solution document (R8) and the aspect that design solutions are not transfer-
able to other problems (R5). Furthermore, design thinking does not include rational
constraints (R4). All knowledge applied in the design phase depends on the knowledge
of the experts involved in the design thinking activity. This is also the reason why the
task fitness is colored in orange in Figure 4.1: This strongly depends on the experts’
knowledge included in the design thinking workshop.

As the design thinking approach leads to the creation of different design solutions
without having rational constraints, the designs have to be evaluated extensively in
empirical studies in case the resulting design should be used for safety-critical pur-
poses. As safety-critical domains often have expert users, such tests are expensive and
there exists only limited access to the users. This is the reason why design thinking
is well-accepted in the end-user domain (in which a lot of potential users are available
and a high amount of post-hoc tests can be conducted), while design thinking is less

common in the safety-critical domain, even though it is industry-independent (R1)

In the safety-critical domain, related work was conducted by Petersen & May [Pe-
tersen & May, 2006]. Similar to Konect, Petersen, and May are situated in the context
of visual displays for the supervisory control task. In this regard, Petersen et al. discuss
the use of the so-called scale types (e.g. nominal, ordinal, interval, ratio). Scale types
are based on well-established works of Stevens et al. [Stevens et al., 1946] and are
important in relation to information presentation: ,, When one wants to present data,
it is important to consider the scale type of data because it provides important cues
about which formats are suitable for the presentation of data” [Petersen & May, 2006].
Having the scale type of information, Petersen et al. tailor the information presentation
to the information needs of a human operator in particular task situations and thus
reduce their cognitive load. The authors refer to the findings of Woods et al. [Woods,
1984] that information presentation ,has shown to be crucial with respect to how well
operators can perform their tasks” [Petersen & May, 2006]. To define the scale type,

the authors present rules for the mapping data shown to the operator to a certain type
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of scale. To convert the information into a visual form, Petersen et al. make use of a
theoretical framework, developed by Zhang et al. [Zhang, 1996], thereby making use
of rational constraints (R4).

Zhang et al. presented a theoretical framework for describing properties and struc-
tures of relational information displays (RIDs). The framework does not apply an ef-
ficiency ranking for visualizations, but is more oriented towards expressiveness. Thus,
the framework can only be applied for deriving suitable visualizations and does not aim
to deduce the most efficient visualization with regard to time and correctness level of
percept: ,,... the information that can be perceived from an RID should exactly match
the information required for the task. Thus, although there are no best displays that
are efficient for all types of tasks, there is a correct or incorrect mapping between the
representation of a display and the structure of a task” [Zhang, 1996]. This leads to the
aspect that this prior work is applicable to ensuring task fitness (R2.5) and considers
a reduced error rate for perceiving information (R2.4), but it does not optimize the
design for fast perception (R2.3).

Konect’s aim is to go one step further and offer a possibility of systematically optimiz-
ing the HMI for fast perception of critical system states and to reduce failures based on
overlooking relevant information. This implies that not only expressiveness, but also
effectiveness is considered. Both approaches consider human perception in general and
thus are industry-independent (R1).

Owing to the mapping, the approach of Petersen et al. results in a solution document
(R8) after conducting the design procedure. Furthermore, the concrete description

leads to the fulfilment of R6 that the approach is easily teachable and learnable.

Aside from works in the user interface design domain, there exist related works in the
data visualization domain, as this domain is mainly concerned with visual appearance
of information. Especially in the graph visualization domain, considerable progress
was made during the last decades, starting with works of Bertin [Bertin, 2011] in 1967.
Bertin was an experienced cartographer. Based on his background and practice, he
constituted the semiology of graphics, in which he presented the first theoretical foun-
dation of information visualization. The work of Bertin is strongly cited in the scientific
domain and can be seen as the fundamental cornerstone for a science of visualization.
Most of the works in the data visualization domain are based on this first cornerstone,
such as works of Cottam et al. [Cottam et al., 2012]: Cottam et al. presented a
taxonomy and conceptual framework for understanding how data changes influence the
interpretability of visual representations. The difference between Cottam et al. and
the work done in the dissertation lies in the regarded subject: Cottam et al. focus
on the dynamics of data and its interpretability and is less concerned with fast and
correct perception in supervisory control tasks. Thus, R2.3 and R2.4 are not fulfilled.
Furthermore, the approach presented by Cottam et al. does not provide a numeric

indicator system and thus does not fulfil R7.
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The approach provides a mapping of visualizations to different categories and thus pro-
vides rational constraints (R4) as well as a solution document (R8). As Cottam et al.
provides a detailed overview of all categories, the approach is teachable and learnable
(R6). The mapping approach of the presented taxonomy can be applied for creating
new graphics (R2.1) and fostering creativity (R2.2). In this regard, it has to be kept
in mind that the taxonomy aims for describing or even criticize existing dynamic data
visualizations. Thus, it is not optimized to be used as a constructive design method,
even though it can be applied to ensure that visualizations are well tailored to tasks
(R2.5).

In contrast to this, Konect follows a more constructive approach to fulfil R1-R8.

Further works coming from the data visualization domain are works of Casner [Cas-
ner, 1991] and Mackinlay [Mackinlay, 1986]: Mackinlay et al. proposed a ranking
of various graphical attributes to present data of different types (ordinal, nominal and
quantitative) that is strongly based on and extends works of Cleveland and McGill
[Cleveland & McGill, 1984]. These rankings have been integrated in various automated
design approaches such as BOZ [Casner, 1991], which is an automated design and
presentation tool to help expedite the human performance of information processing
tasks. The rankings do not consider the time to perceive information but only percep-
tion accuracy. Thus, the works of Casner et al. and Mackinlay et al. do not fulfil R2.3
(fast perception), but support a reduced error rate due to an increased perception accu-
racy (R2.4). Nevertheless, the rankings ensure task fitness (R2.5) and provide rational
constraints to decide for visualizations (R4). As the ranking is on a high abstraction
level, the design solutions are transferable (R5) and the mapping process ensures that
a solution document can be created as output of the design process (R8).

Owing to the idea of automating the design process, Mackinlay’s approach as well as
BOZ does not foster creativity (R2.2), even though they can lead to automatic cre-
ation of new graphic forms (R2.1) by automatically combining different visualizations.
Konect is not aiming at automating the generation of designs, but focuses on guided
creativity, while at the same time ensuring that design decisions are traceable and ra-
tionally justified. Similar to BOZ, the resulting designs aim to support the human’s
information perception performance. In this connection, the dissertation is based on
cognitive models that inform display design: ,,Empirical methods used in cognitive
science and related fields (e. g. human factors) are central to testing and revising
design principles based on objective data. Moreover, knowledge of human information
processing and empirical measures of performance with visual displays can inform the
development of cognitive models that make a priori predictions about display effective-
ness.” [Hegarty, 2011]. These are objective measures, which are especially important

since expert intuition can be erroneous.

Card et al. presented the so-called visualization pipeline for converting raw in-
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Figure 4.2: Visualization Pipeline (based on [North, 2006] and on adaption by [Card
et al., 1999]).

formation into visual representations [Card et al., 1999]. The visualization pipeline is
shown in Figure 4.2. The pipeline starts with raw information that needs to be trans-
formed into the dataset. A very important aspect of the visualization pipeline lies in
the visual mapping to derive a visual form for the data to be shown. Based on Card
et al., this mapping should be computationally done by some function F by taking the
dataset as input and generating the visual form as output [North, 2006]. This function

F implies four important characteristics:
computable F can be computed by some algorithm.

invertible F must be invertible by some function to ensure that the visualization is

not ambiguous or not understandable by the user looking at the visualization.

communicable The visual mapping F must be known by the user so that he/she can
understand the visualization and interpret the shown information in the right
way. Based on North [North, 2006], this is a learnability issue.

cognizable The function F should be easily perceivable by the user and should min-
imize his/her cognitive load for decoding and thereby interpreting the visualiza-

tion.

Card et al. aim at systemizing the design activity having the focus solely on a
sequence of steps and characteristics of a mapping function. The exact specification for
the mapping is not determined in detail. Thus, the requirements R2.2, R2.3, R2.4, R2.5,
R4, R5, and R7 cannot be fulfilled. Nevertheless, the sequence of steps is industry-
independent (R1), teachable and learnable (R6), ensures that a solution document is
provided as input (R8), and happens to be compatible with other approaches to fill

the steps with content on how to specifically create a design. For this, there exist
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some guidelines in the literature: Ware et al. [Ware, 2004] [Ware, 2010], Meirelles et al.
[Meirelles, 2013] and Tufte [Tufte, 1997] [Tufte, 1990] present some fundamentals about
information visualization based on experience. For anyone attempting to capture this
knowledge, this is a major challenge as a direct connection between this knowledge of
information visualization and a systemizing procedure (e.g. the visualization pipeline)

does not exist.

Micallef et al. [Micallef et al., 2017] work on the perceptual optimization of visual
design of scatterplots. The authors use models about human perception to determine
parameters, such as marker size and opacity, aspect ratio, or color, to optimize the vi-
sual design of a scatterplot automatically. This paper contributes to research exploring
the use of perceptual models and quality metrics to set such parameters automatically
for enhanced visual quality of a scatterplot. For this, the authors developed a function
that can be used to search for the optimal visual design for a user’s dataset and task
objectives (e.g. ,reliable linear correlation estimation is more important than class
separation”). Thus, the work of Micallef et al. provide rational constraints (R4), even
though it is actually limited to scatterplots. As the optimization is calculated auto-
matically, the approach does not aim to foster creativity (R2.2). As the focus lies on
scatterplots, the approach is not applicable to new graphic forms (R2.1). The models
of human perception used by the authors focus on the accuracy of perception (R2.4)
and not on fast perception (R2.5).

Like this work, Konect also aims for setting rational constraints to the design based
on the compatibility of visual forms with human perceptual and cognitive skills. But
Konect is situated in another context and does not work with single graph visualiza-
tions. Furthermore, Konect does not aim to generate such HMIs automatically, but

proposes a constructive method applicable by HMI designers and engineers.

Summarizing, it can be said that none of the existing works fulfil all requirements
intended by Konect. Even though all works reviewed in this chapter can be applied in-
dependent of the industry domain (R1), are teachable and learnable (R6), and offer full
compatibility with existing standards (R3), each work has a slightly different optimiza-
tion focus: The works mainly ensure task fitness (R2.5). Some works further aim at
increasing the perception accuracy, thereby reducing the error rate for perceiving infor-
mation (R2.4), while none optimize the time to perceive critical system states (R2.3).
Despite the design thinking approach and the visualization pipeline, all works include
rational constraints (R4) to substantiate the choice for visualizations. This leads to a
good transferability of design solutions as the design decisions are transparent (R5).
This is similar for a solution document as transparent design decisions allow traceabil-
ity of visualization choices (R8). Especially noticeable is the fact that no constructive

design method exists which includes a numeric indicator (R7).
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5 CONCEPTUALIZATION OF A METHOD FOR
DERIVING RATIONALLY JUSTIFIED INFORMATION
VISUALIZATIONS - THE KONECT METHOD

In this chapter, the method conceived in the dissertation is depicted in detail. An
overview of the contribution is shown in Figure 5.1. This is composed of three different
aspects: The first aspect, which builds the core of the approach, is the theoretical
framework. This theoretical framework constitutes the scientific base of the method and
is presented in Section 5.1. On this scientific basis, a systematic step-by-step procedure
is specified that makes use of the knowledge established in the theoretical framework
and allows easy applicability of the method (see Section 5.2). To further support the
designer in applying the method, a tool support is implemented and shortly illustrated
in Section 5.3. To proof the validity of all parts of the method, several evaluations and

studies were conducted and are presented in Chapter 6.

Konect Konect Evaluation

Theoretical Procedure
Framework -

Figure 5.1: Konect: Overview.

5.1 The Konect Theoretical Framework

The Konect method should offer rational justifications for visual forms and ensure that
critical system states are fast and correctly recognizable by a human operator. To
ensure this aspect, accepted knowledge has to be incorporated. Therefore, this chap-
ter identifies key concepts of the Konect method, analyses well-established theories,
and establish orderly connections between different concepts and theories that
are needed to incorporate existing knowledge in the design procedure. In this regard,
»a theory is a well-established principle that has been developed to explain some as-
pects of the natural world. A theory arises from repeated observation and testing

and incorporates facts, laws, predictions, and tested hypotheses that are widely ac-
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cepted.” [Cherry, 2018]. Theoretical Framework is an established term [USC, 2018]: A
theoretical framework consists of concepts and offers a structure to show the key con-
cepts to be considered and the connections established between different well-accepted
theories. The theoretical framework is strongly based on the current literature and pro-
vides the scientific basis for the method presented in the dissertation. This theoretical
framework ensures that the chosen visualizations are rationally justified and the de-
signer works towards an optimal design solution regarding the time needed to perceive
the criticality level of a system and with respect to the reduction of assessment failures
for such states. The theoretical framework is shown in Figure 5.2. In the following
sub-section, a short overview of all key concepts in this framework is provided. Details

for all parts are then described in the subsequent sections.
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Figure 5.2: The theoretical framework of Konect.

Overview

In the left corner of the theoretical framework, the two main actors are depicted: On
the one hand, there exists the designer of the HMI who applies the Konect method;

on the other hand, the human operator is of importance as he/she is the user of the
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resulting HMI. The theoretical framework investigates different cognitive skills of these
two actors. With regard to the designer, the creative skills are of interest as these skills
should be fostered within the application of the method (cf. Requirement R2). With
regard to the operator—e.g. the user of the HMI—the perceptual skills are important
as they should be optimally supported by the HMI (cf. Requirement R4.2).

The state of the art and related works have shown that the task of the human operator
is important for the design of the HMI. Therefore, the designer has to gain knowledge of
the monitoring task with HF methods (Section 2.3.4). This task incorporates informa-
tion elements that need to be visualized. Such an information element can be specified
via a name and has an importance (w) for the monitoring task. Each information is
coupled to at least one insight—the knowledge the human operator wants to acquire
when looking at the information (e.g. a quantitative value or whether the value is ok or
not). This insight is strongly based on the task the human operator conducts. The in-
formation with the defined insight has to be visualized via a visual attribute. To ensure
that this visualization can be perceived most efficiently by the human operator, a visual
efficiency ranking for each insight is provided. This is based on the knowledge of the
perceptual skills of the operator. Besides these perceptual skills, the Konect method
has another core concept: the use of so-called glyphs. Glyphs are integrated visual
forms that combine different visual attributes to allow the perception of information
at one glance and support better remembrance of the seen elements [Ware, 2004]. To
construct such a glyph, the visual attributes have to be synthesized via combination
possibilities (e.g. symmetry, connectedness). This combination is strongly based on
the Gestalt laws. To create the overall design, called global design, various glyphs have
to be combined in a Global Design Composition. This is guided by the global design
guidelines which are based on the knowledge of human perceptual skills.

As the designer has to construct glyphs creatively, but always in a rationally justified
way, the information needed at the design stage has to be prepared and provided in a
suitable format that fosters his/her creative skills. This is achieved via the idea box.

Details of parts of the theoretical framework are described in the upcoming sections.

5.1.1 Information

The HMI should optimally support the supervisory control task of the human operator
(cf. Requirement R2.5). To achieve such optimal support, the information to be dis-
played plays an important role. In this regard, the term information specifies data that
contains a valuable meaning for the task at hand (e.g. speed, temperature of a certain
equipment). All information needed by the human operator should be visualized—
neither more information nor less information. More information could have the effect
of distracting the human operator and producing clutter on the HMI. On the other
hand, less information can lead to overlooked problem situations or anomalies. So, no

countermeasures will be initiated, and this might pose a threat to the safety of the
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whole system.

The state of the art already offers possibilities to assess the information needed by
the human operator to successfully conduct his/her task. This can be done via HF
methods (section 2.3.4). Furthermore, previous works exist for investigating the incon-

sistencies between information supply and demand [Denker et al., 2014].

Previous works proved that HMIs are more efficient in case a good fitness between
the information needed during the task execution and the information visualized is
obtained [Gillan & Callahan, 2000] [Hegarty, 2011]. In this regard, Peebles et al. even
recognized that a less familiar graph can be more effective than a familiar one in case
it is better tuned to the task requirements [Hegarty, 2011] [Peebles & Cheng, 2003].

Thus, it plays an important role to assess and specify information required for the
operator’s task at hand. This includes the information itself (specified via a name—

e.g. engine temperature) as well as the importance of the information.

5.1.2 Insight

WIf the goal of visualization research is to transform data into a perceptually efficient
format, and if we are to make statements with some generality, we must be able to say

something about the types of data that can exist for us to visualize” [Ware, 2004].

Besides having the right amount of information and the right information elements,
the reason why the human operator needs the information is quite important to allow
a better tuning of the interface to task requirements. Within the Konect approach,
this is called the insight. The term insight is based on works of North and Card et al.:
, Yet, a more important benefit is the human ability to visually reason about the data
and extract higher level knowledge, or insight, beyond simple data transfer [Card et al.,
1999]. This enables users to infer mental models of the real phenomena represented by
the data. “[North, 2006]. Insight is ,an instance of apprehending the true nature of

71 In connection with the Konect

a thing, especially through intuitive understanding
method, insight defines what the human operator should intuitively apprehend when
looking at the visual form—e.g. quantitative value of an information, certainty of an
information, or to which category or mode the information belongs.

The insight further ensures the fitness of the HMI to the operator’s task and allows an

estimation for the expressiveness of graphic forms (Requirement R2.5).

As mentioned before, one aspect of the theoretical framework is to establish connec-

tions between key concepts. What the operator wants to apprehend and gain as higher

Thttps://www.dictionary.com/
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level knowledge when looking at the visual form naturally depends strongly on his/her
task. In the dissertation, the focus is on the supervisory control task, more specifically
on monitoring. According to North [North, 2006], the number of possible insights in
the monitoring task is limited. These are listed in the following text. The insights were
derived according to the literature ([North, 2006]) and the case studies presented in
Section 2.2.1.

Perceive quantitative value: With this insight, it is specified that the human oper-
ator is interested in the quantitative value of an information element. This is a numeric
value—e.g. a number or an amount on which arithmetic operations can be performed.
An example can be the quantitative value of the temperature of a certain technical

equipment (e.g. in °C).

Perceive quantitative value (fast): The quantitative value should be perceived
as fast as possible. The value is of higher importance and should visually stand out

from the surroundings.

Perceive if value is ok: The human operator should be able to assess the state
of the underlying parameter or information element(value is ok or not ok). In this case
the value should be perceived as a nominal value. Nominal means that the value can
be categorized without having a natural order (ok, not ok)—e. g. regarding a temper-
ature indicator, the human operator wants to assess whether the temperature is within

the normal range for the regarded technical equipment or if it exceeds permissible limits.

Perceive if value is ok (fast): The state should be perceivable as fast as possi-

ble and should visually stand out from its surroundings.

Perceive ordered category/mode: This insight specifies that the human opera-
tor is interested in the values’ category or mode. This implies that the information is
classified as ordinal value. Ordinal means that the value can be categorized and the
categories have a natural order—e.g. the value has low urgency, middle urgency, high

urgency.

Perceive ordered category/mode (fast): This insight indicates that the ordered

category or mode information is of high importance and should be perceived rapidly.
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Perceive unordered category/mode: Compared to the previously described in-
sight, this insight deals with unordered categories or modes. In contrast to the pre-
viously defined insight (perceive ordered category), the information is not classified as
ordinal, but as nominal information (without natural order). This can be, for instance,

the mode on or off of a certain technical equipment.

Perceive unordered category/mode (fast): Like the previously mentioned insights
with addition fast, this information category should be used to define the information

as being of high importance that must be perceived rapidly.

Perceive summary (min, max, avg, %): A quantitative summary of a certain
value should be perceived by the human operator—e.g. a kind of aggregation is calcu-
lated via mathematical formulas. This can be an average, the value as percentage, the

minimum or maximum.

Find: The finding of a value should be supported via the visualization. This means

that the parameter must visually stand out from the surroundings.

Perceive pattern: A pattern should be perceived. In this case, a pattern describes
a discernible regularity that should be observable by a human operator as the param-
eters forming this pattern might get repeated in a predictable manner. This can, for
instance, help to visually indicate a known solution to a class of problems occurring

during the supervisory control task in the system under observation.

Perceive outliers/exceptions: An outlier or exception should be identified by the
human operator. This means that a parameter is not within its defined range or be-

haves unusually, and thus, represents an outlier or exception.

Perceive relationships: The information should be perceived as a relationship (often
between two different information elements). This might be a correlation between two
parameters—the impact one parameter can have onto another or dependencies between
parameters. In case more than two different information elements are involved, there

can also be multi-way interactions.

Perceive trade-offs: A trade-off should be perceived by the human operator. Com-
pared to the insight (perceive relationship), this insight regards exchange of relation-
ships as a balance between information elements or a combined minimum and maxi-

muin.

Compare: The human operator should be able to use this information to compare

two or more different information elements like the height of two parameters.
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Perceive clusters: A cluster should be perceivable. This means that similar ele-

ments or groups are easy perceivable by the human operator.

Perceive paths: The human operator should perceive the information as path. This
is strongly related to spatial and physical proximity of different information elements

e.g. the distance between a ship and a quay wall.

Perceive certainty: This insight is not defined by North et al. [North, 2006]. But
the case studies presented previously have shown that this insight is often needed by
human operators when dealing with sensor values. In this case, the certainty of the

correctness of the values is often needed as insight by the human operator.

As the insight is strongly coupled to the task at hand, the specification should be
done carefully by the designer of the HMI. The better the chosen insight fits the human
operator’s tasks and his/her desired knowledge that should be retrieved when looking
at the HMI, the better the chosen visualization can support the operator in achieving
his/her tasks. The choice for an insight has influence onto the efficiency of a visual
attribute (e.g. color, shape, position, etc.). For instance, if a human operator wants
to know the quantitative value of a parameter, a bar chart is a good indicator; in case
he/she only wants to know if the parameter is in a critical state, a color indication
is perceivable and sufficient in a much faster way for the task at hand. Thus, the
insights described before are of crucial importance for defining which visual attributes
are efficient for visualizing information in a way that the tasks of the human operator
are well supported. Which visual attributes are most efficient regarding the predefined
insights is described in the upcoming section dealing with the perceptual skills of the

human operator.

5.1.3 Perceptual Skills of the Human Operator

Deciding for a visualization during the design of the HMI depends on the one hand on
the task of the human operator (see description about information and insight). On
the other hand, the visualization has to meet the optimization objectives defined in the
dissertation (cf. Requirements R2.3 and R2.4): Thus, it has to be considered what is
most efficient in matters of the time and correctness by the human operator to perceive
the desired insight. This involves the perception of visual attributes by the human per-
ceptual system. The efficiency of visual attributes—concerning time and correctness to
perceive them—differs strongly. The reason for this aspect lies in the human perceptual
skills and in the way the human eye and brain process these attributes. The following

sections examine actual cognitive models for human perception and ways how these
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models can inform the design.

The scientific research on the way the human visual system works has a long history
starting in the year 1021/1024 with works of ibn al-Haytham Alhazen, who is regarded
as the ,father of visual cognition and optics”. Alhazen already detected the way the
visual system works regarding light entering the human eye and being transformed into
signals which are transferred to the human brain [Darrigol, 2012]. In the years 1856
to 1967, Helmholtz published his ,Handbuch der physiologischen Optik” in six parts.
This book describes the basics of the human visual system as we understand it today.
These early works on the human visual system provided the basis for further research
conducted in this field.

Later works can be roughly subdivided into works about ,low level vision” and works
focusing on ,high level vision”. While low level vision focuses on the perception of
single visual attributes as color and length, high level vision deals with the so-called
perceptual organisation of single visual attributes: ,,When we view the world we do
not see a collection of edges and blobs — unless we adopt a very analytical perceptual
attitude — but we see instead an organised world of surfaces and objects. How is such
perceptual organisation achieved?” [Bruce et al., 2003].

Works having a focus on low level vision are concentrating on the perception of graph-
ical elements [Cleveland & McGill, 1984] [Mackinlay, 1986] and how efficient elements
are processed. The latter aspect especially addresses how fast visual elements can be
perceived. In this regard, the concept of ,,pre-attentive processing” was identified. Vi-
sual attributes that can be perceived within the millisecond range are considered as
being preattentive [Ware, 2004]. The first time the concept of pre-attentive perception
has been raised in the literature was within the filter model of attention published by
Donald Broadbent in 1958 [Broadbent, 1958]. Later, further works have been published
studying this effect ([Treisman, 1985] [Wolfe, 1994] [Healey et al., 1996]).

High-level vision works are, for instance, the Gestalt laws [Wertheimer, 1923], Garners
Good Patterns [W.R. & Clement, 1963], Marr’s work on the computational investiga-
tion into the human representation and processing of visual information [Marr, 1982],
Biederman’s recognition by components theory [Biederman, 1987], Kosslyn’s architec-
ture for high level vision [Kosslyn et al., 1990], Rensink’s architecture for the visual
system [Rensink, 2000] [Rensink, 2002], and the structural information theory provided
by Leeuwenberg et al. [Leeuwenberg & Van der Helm, 2012].

The findings and knowledge established in this profound research is applied within the
Konect method to inform the interface design in a suitable manner. This is described

in detail in the following sections.
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5.1.4 Visual Attributes

As defined in the requirements section, the Konect method should be compatible with
terms, methods ,and findings of other disciplines (Requirement R3). Regarding the
visualization, it becomes especially important that Konect considers prior knowledge
coming from the visualization domain and the way of working in this domain (cf. Re-
quirement R3.2). The way of working in this domain should specifically consider the
abstraction level of working in this domain. Otherwise, findings and especially new
knowledge established in these domains will not be includable in potential future ex-
tensions of Konect.

The works of Bertin [Bertin, 2011] and Carpendale [Carpendale, 2003] represent one of
the most fundamental cornerstones in the visualization research. Later scientific works
adopt this abstraction level (e.g. [Mackinlay, 1986], [Rautenbach et al., 2015], [Halik,
2012], [Weber, 2017], [MacEachren et al., 2012], [Kornhauser et al., 2009]). This is the

reason why the Konect method will apply the way of working and the abstraction level.

The visual attributes used on this level are shown in Figure 5.3 and are position, length,
angle, slope, area, volume, color hue, density, color saturation, shape, texture, connec-
tion and containment. Related to prior work stated in the previous paragraph, text
(including numbers and characters) is not a visual attribute in this sense and rather
occupies a special role: Text is very inefficient for encoding information (regarding fast
perception and state estimation with one glance) and should be avoided as the only
attribute for encoding information [Gruhn, 2011]. However, it is common practice to
use text as a label. This is called double-coding and does not affect the efficiency of

any selected visualization and the overall global design [Ware, 2004].

Position refers to a spatial location of a visual element. This can change via the x-
and y-coordinates of the element. In case the visualization is three-dimensional, the

position can be defined by the x-, y- , and z-coordinates.

Length describes the height or width of a visual element. Important is that only

one dimension (height or width) is regarded.

Angle refers to a visual gap that is formed by two connected lines. In accordance

with planar geometry, the angle can lie between 0 degrees and 360 degrees.

Slope describes the orientation (in vertical and horizontal direction) of a visual element—

e. g. in case of a line, this is the gradient or steepness of the line.
Area has a width and length and thus depicts the size a visual element captures.

Volume is much related to area. Compared to area, volume describes the space in
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Figure 5.3: Visual Attributes (Low Level Vision).

3D a visual element captures. Hence, it has width, length, and height, while the area

is only specified via width and length.

color hue represents the color of a visual element e.g. red, blue. In this regard
the word ,,hue” is important. It characterizes that the differences between two different
colors are not achieved via adjustment of saturation or density (see next two points),

but really refer to different color tones like green, red, blue, yellow.

Density represents the opacity of the filling of a visual element. This can lead to

transparency effects as shown in Figure 5.3.

color Saturation describes the intensity of a color. This is determined by the light
intensity in the color. To reduce color saturation, the color can be mixed with white,

black or grey.

Shape describes the contour of a visual element. There exist almost infinite possi-

bilities for assigning different shapes.

Texture is sometimes called ,grain” (see [Carpendale, 2003]) and refers to the fill-

ing of a visual element with a pattern—e.g. horizontal stripes.

Connection portrays a visual link between two visual elements. This can be, for

instance, a connecting line between two circles or other visual elements (see Figure 5.3).
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Containment means that visual elements are included in another visual element.

This means that the outer visual element surrounds the inner visual elements.

The described visual attributes mostly address low level vision. To allow conduct-
ing visual tasks that can only be conducted in high level vision (e.g. in case the human
operator has to see relationships between two elements), these attributes have been
extended in the underlying dissertation by visual attributes based on works of Kosslyn
[Kosslyn et al., 1990, Kosslyn, 2006] and Rensink et al. [Rensink, 2000, Rensink, 2002].
These are shown in Figure 5.4 and described in the following text. So, these attributes
include one or more visual elements and rather describe the visual relationships between
them.

Edges/Depth/Orientation Coordinate Relation
at multiple scales

o0
=» = =

Size/Location Categorical Relation

Figure 5.4: Visual Attributes (High Level Vision).

Edges/Depth/Orientation at multiple scales refer to three kinds of relationships
between visual elements at multiple scales: An edge is closely related to the connection
described before. It can be realized via a line between two elements. At multiple scales
means that this can be either done in a 2D arrangement in the form of a 2D connection
line or also at more scales (x, y, z) in 3D space. The depth refers to the arrangement
of elements in 3D space. So, the virtual distance to the viewer specifies the depth of
a visual element. The orientation addresses the direction and spatial alignment of a

visual element in space.

Size/Location strongly refers to the visual attribute of the area and position de-
scribed before. The distinction is now that the focus lies on the differences of the size
or the location of two elements, as this describes the relationships between them (e.g.

a is larger than b).
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Categorical Relation defines a spatial relation between visual elements via cate-

gories (e.g a is below b or a is left of b).

Coordinate Relation also defines a spatial relation between visual elements but via

coordinates. This can be either done in 2D space (x, y) or in 3D space (x, y, z).

5.1.5 Visual Efficiency Ranking

After the definition of the visual attributes, the visual mapping between the previously
described insights and an efficiency ranking of these visual attributes have to be con-
ducted on a scientific basis. This mapping is essential for providing rational constraints
to find an optimal HMI solution. This is indispensable for fulfilling Requirement R4.
The visual mapping is the ,,most critical aspect in designing a visual representation.”
[Mazza, 2009]. For conducting the visual mapping, a visual efficiency ranking is es-
tablished based on the findings about human perceptual skills (cf. Requirement R4.2)
and is tailored towards the optimization objectives of the underlying dissertation (R2.3
[time] and R2.4 [correctness of assessment]). The visual efficiency ranking is, therefore,
strongly coupled to the insight— the knowledge the human operator wants to extract
when looking at the visualization to further fulfil Requirement R2.5 (fitness to task).
In Figure 5.5, the visual efficiency ranking for each insight is given. The explanation
of how these efficiency rankings have been specified in the underlying dissertation is
described in the following text.

As mentioned before, text occupies a special role. It should be avoided as it is a quite
inefficient form (regarding fast perception and state estimation with one glance) for
encoding information. Nevertheless, text might be an appropriate choice—e.g. for in-
formation elements that have a quite low importance for the task at hand and should
not be visualized too prominently to make more important information stand out vi-
sually. As this aspect should be reflected in the efficiency rankings, text is mentioned
as the penultimate element in all rankings. Similarly inefficient is choosing a visual
attribute which would be not expressive for the insight (e.g. choosing texture for dis-
playing a quantitative value). Less efficient is not displaying the information at all
(missing).

As stated before, the visual efficiency rankings have been determined on the basis
of findings about human perceptual skills. The first work on the efficiency of visual
attributes was published by Cleveland and McGill in 1984 [Cleveland & McGill, 1984].
The authors stated that ,,the subject of graphical methods for data analysis and for
data presentation needs a scientific foundation”. In this work, the authors experimented
with different visual attributes: They identified a set of elementary perceptual tasks
that are carried out when people extract quantitative information from graphs. Based

on this, the visual attributes suitable for conducting this task are specified and tested
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_ Visual Efficiency Ranking Scientific Justification

perceive quantitative value
perceive summary

perceive quantitative value (fast)

perceive if value is ok
perceive unordered category/mode

perceive if value is ok (fast)

perceive unordered category/mode (fast)
find

perceive outliers/exceptions

perceive ordered category/mode
perceive certainty

perceive ordered category/mode (fast)

perceive pattern
perceive relationships
perceive trade-offs
compare

perceive clusters
perceive paths

position(0), length(1), angle(2),
slope(3), area(4), volume(5),
density(6), color saturation (7), color
hue(8), text/not expressive (9),
missing(10)

length (0), slope (1), volume (2),
color hue (3), text/not expressive (4),
missing (5)

position(0), color hue (1), texture (2),
connection (3), containment (4),
density (5), color saturation (6),
shape (7), length (8), angle (9), slope
(10), area (11), text /not expressive
(12), missing (13)

color hue (0), shape (1), length (2),
slope (3), volume (4), text/not
expressive (5), missing (6)

pasition (0), density (1), color
saturation (2), color hue (3), texture
(4), connection (5), containment (6),
length (7), angle (8), slope (9), area
(10), volume (11), text/not
expressive (12), missing (13)

color hue (0), length (1),
slope (2), text/not expressive (3),
missing (4)

edges/depth/orientation at multiple
scales (0), size/location (1),
categorical relation (2),

coordinate relation (3), text/not
expressive (4), missing (5)

[Cleveland & McGill, 1984],
[Mackinlay, 1986]

[Cleveland & McGill, 1984],
[Mackinlay, 1986], [Healy et
al., 1996], [Treisman,
1985], [Broadbent, 1958],
[Ware, 2004], [Ware, 2010]

[Cleveland & McGill, 1984],
[Mackinlay, 1986]

[Cleveland & McGill, 1984],
[Mackinlay, 1986], [Healy et
al., 1996], [Treisman,
1985], [Broadbent, 1958],
[Ware, 2004], [Ware, 2010]

[Cleveland & McGill, 1984],
[Mackinlay, 1986]

[Cleveland & McGill, 1984],
[Mackinlay, 1986], [Healy et
al., 1996], [Treisman,
1985], [Broadbent, 1958],
[Ware, 2004], [Ware, 2010]

[Rensink , 2000], [Rensink,
2002], [Marr], [Kosslyn]

Figure 5.5: Visual Efficiency Rankings coupled to insights.

regarding their accuracy. Based on their experiments, Cleveland and McGill were able

to specify a ranking of visual attributes (see Figure 5.6) which is well accepted and

broadly used in design tasks today.

The ranking of Cleveland and McGill strongly focuses on encoding quantitative data

with visual attributes. This was extended in 1986 by Mackinlay et al. [Mackinlay,

1986]. Mackinlay et al. not only presented rankings for quantitative data, but also for

nominal and ordinal data (see Figure 5.7). This strongly emphasizes that an efficiency

ranking is only applicable when coupled with the type of data visualized. Within the

underlying dissertation, this fact is recognized by coupling different visual efficiency

rankings with various insights (see Figure 5.5).
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Figure 5.6: Empirically verified accuracy ranking of visual attributes for quantitative

data type (based on [Mackinlay, 1986]).

The findings of Cleveland and McGill, as well as the extension done by Mackinlay et

al., are applied in the method, as they offer the accuracy ranking and expressiveness

for the following insights.
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Quantitative Ordinal Nominal
Position Position Position
Length Density Color Hue
Angle olor Saturation Texture
Slope Color Hue Connection
Area Texture Containment
Volume Connection Density
Density Containment Color Saturation
Color Saturation Length Shape
Color Hue Angle Length
Texture Slope Angle
Connection Area Slope
Containment Volume Area
Shape | Shape ~ | Volume

Figure 5.7: Extended ranking by Mackinlay et al. (based on [Mackinlay, 1986]).

Ranking for perceive quantitative value: For encoding information to be perceived
as a quantitative value accurately, the ranking of Mackinlay (that already recognized
the works of Cleveland and McGill) can be applied.

Ranking for perceive if value is ok: The information whether a value is ok or
not can be classified as a nominal data type, as two categories (ok, not ok) are de-
scribed that do not have an ordering. So, the nominal ranking of Mackinlay et al. is

applicable here.

Ranking for perceive unordered category/mode: Analogous to the insight per-
ceive if value is ok, the data can be classified as nominal data. Hence, the nominal

ranking of Mackinlay et al. is again applied in this context.
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Ranking for perceive ordered category/mode: The ordered category or mode can
be classified as ordinal as these are categories with an important ordering (e.g. the
temperature of a certain technical equipment is low/high). This is the reason why the

ordinal ranking of Mackinlay et al. [Mackinlay, 1986] is applicable.

Ranking for perceive certainty: Similar to category or mode, the certainty can
also be classified into ordinal scale—e.g. the value transmitted by the sensor has low
certainty, mean certainty, or high certainty. Talking to industry partners revealed that
this is the desired level for certainty values, otherwise one might argue that this can

also be defined as quantitative value.

Ranking for perceive summary (min, maz, avg, %): A summary can be seen
as a quantitative value (e.g. min, max, avg). Thus, the ranking for quantitative values

can be applied.

The rankings of Cleveland et al. and Mackinlay mainly focus on the effectiveness
of visualizations in terms of accuracy. This primarily addresses the first optimization
objective of the underlying dissertation (reducing the number of assessment failures;
R2.4). The second objective (optimizing the time for perceiving critical states; R2.3)
is not yet addressed. Hence, the time needed to perceive a visual attribute needs to
be considered: For this, the scientific findings of pre-attentive perception is recognized
and applied within the Konect method. Pre-attentive visual attributes are perceivable
within the millisecond range by human beings. These are, for instance, color or length.
Both are visual attributes that produce a kind of ”pop-out” effect, as exemplarily shown
in 5.8.

Figure 5.8: Preattentive perception of color hue creating a pop-out effect.

Based on the findings about pre-attentiveness, the visual efficiency rankings for the
insights perceive quantitative value (fast), perceive if value is ok (fast), perceive cate-
gory/mode (fast), find, detect anomaly, in which the time factor plays an important

role, are adapted in the following way: Only visual attributes that can be perceived
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pre-attentively by the human visual system are left in the ranking. This is exemplarily

shown in Figure 5.9 for the insight perceive if value is ok (fast).

perceive if value is ok perceive if value is ok (fast)
position (1) position {1} color hue (1)
color hue (2) color hue (2) shape (2)
texture (3) texture {3} length (3)
connection (4) connection {4} slope (4)
containment (5) containment (5) area/volume(5)
density (6) o density {6} )
color saturation (7) ldentrﬂcatfor_] . (z Adc_:pt rankr_ng

h (8) of preattentive h g to include time
shape cues in this shape (8) factor

length (9) ranking length (9)
angle (10) cosshioad
slope (11) slope (11)
area/volume(12) volume(12)

Figure 5.9: Adaptation of ranking for including time factor.

Insights in which more than one visual element is involved (perceive relationships, per-
ceive pattern, perceive trade-offs, compare, perceive clusters, perceive paths) are not
expressible with low level vision visual attributes as they include some kind of organi-
zation of visual elements and interaction between them. As stated at the beginning of
the chapter, this kind of visual perception is covered as part of high-level vision.

In contrast to low level vision, efficiency rankings in high level vision are not explicitly
examined in the current literature. Nevertheless, research investigating the functioning
of the high-level visual system exists [Kosslyn et al., 1990] [Rensink, 2000] [Rensink,
2002] [Marr, 1982]. Based on these profound findings, the efficiency rankings are de-

duced in the underlying dissertation. This is illustrated in the upcoming text.

Works examining the operating principle of the high-level visual system are provided
by Kosslyn et al. [Kosslyn et al., 1990], Marr [Marr, 1982] and Rensink et al. [Rensink,
2000] [Rensink, 2002]:

David Marr addresses the visual processing of 3D models. He revealed four stages
that the human visual system undergoes to identify 3D images. The four stages are
illustrated in Figure 5.10. The first stage is the input image.

1. Input Image

2. Primal Sketch

3. 2 % D Sketch

4. 3D Model

Figure 5.10: Four Stages of Vision based on the theory of David Marr [Marr, 1982].
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Figure 5.11: Coherence Theory (based on [Rensink, 2002]).

Setting (nonattentional) Object (attentional)
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Figure 5.12: Triadic architecture (based on [Rensink, 2002]).

Rensink’s work focus on how the brain combines and converts singles visual elements
into a scene to form the ,,whole picture”. Rensink established the so-called triadic
architecture and the coherence theory which is a subpart of the triadic architecture.
The triadic architecture is shown in Figure 5.12 and the coherence theory is shown in
Figure 5.11.

The coherence theory addresses the integration process of single visual elements. Single
visual elements are called ,,Proto-Objects”. These are the low-level visual attributes
mentioned in the dissertation. As stated before, these objects are perceived rapidly:
»low level , proto-objects” are continually formed rapidly and in parallel across the
visual field” [Rensink, 2000]. To recognize combined information (e.g. a relationship
between two visual elements), the visual system works on a higher level compared to
the rapid processing of early vision components. This aspect is represented in the
triadic architecture in which ,,visual processing is split into three largely independent
systems”. [Rensink, 2002]. These three systems are Setting, Layout, and Early Vision.
Early vision involves the perception of visual attributes, as described before.
Setting already builds up a scene, but on a non-attentional basis. It means that

humans do not have to turn their attention consciously to the combination of visual
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2. High-Level Vision

1. Low-Level
Vision

3. Long-Term 4. Hypothesis testing system
Associative

Figure 5.13: Kosslyns cognitive architecture for high level vision.

objects. Instead they can perceive a layout or gist. A layout guides attention based on
the arrangement of objects. A gist is the meaning of a scene—e.g. when a picture of a
forest appears in front of the human eye, the human will be able to recognize the scene
(,,forest”) in a split second.

The perception of Objects needs attention. To understand human object recognition,
the coherence theory can be applied: First, single visual elements (proto-objects) are
discerned. The nexus holds information about the proto-objects (e.g. what is needed
to establish relationships between elements or detect pattern and clusters). Thus, the
nexus ,,pools information from proto-objects” that can be maintained in short-term
memory. For this, links between proto-objects are build.

Rensinks coherence theory and triadic architecture explain the difference between low
level vision and high level vision quite well. To further understand the mechanisms

behind high-level visual processes, a look at Kosslyn’s cognitive architecture is done.
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Kosslyn is a psychologist and neuroscientist who provided profound research in the
area of cognitive psychology and cognitive neuroscience, especially with regard to hu-
man perception and vision. He contributed a cognitive neuroscience analysis about
the components and processes involved in high level vision [Kosslyn et al., 1990]. An
overview of his findings is given in Figure 5.13: Elements perceived within low level
processes (e.g. lines, shapes, colors) deliver the input to the visual buffer, which is the
first part of the high-level vision component. In the visual buffer, Kosslyn revealed
that already edges, depth, and orientation at multiple scales are perceived. Af-
ter this first component, the information is split up into two different streams—the
dorsal stream and the ventral stream. The dorsal stream processes spatial information,
while the ventral stream operates on the related object.

In the dorsal stream, a spatiotopic mapping is conducted first. This includes the recog-
nition of size and location of objects. After this, categorical relations are distin-
guished by the human visual system. A categorical relation is, for instance, ,,above” or
»next to”. Subsequently, the coordinate relations between the objects are detected.

Coordinate relations refer to the global or local coordinates of an object.

Compared to the dorsal stream, the ventral stream is responsible for object recogni-
tion. At first, non-accidental geometric features of an object are pre-processed. Non-
accidental means that the shape looks the same regardless of the perspective from
which the human eye glances at this object (e.g. a ball as a shape looks the same from
each possible visual angle). After this pre-processing, a pattern activation takes place:
Within this step, an interaction with the long-term associative memory and the hy-
pothesis testing system takes place. The pattern is matched against modality-specific
representations of previously seen objects (e.g. if a totally round object is recognized,
it can be matched to ,ball” as object due to the fact that in human memory round
objects are often considered as being a ball.). After pattern activation, a feature de-
tection is applied to further identify the object. A feature in this case is primarily the
color and texture of the object. In this case, interaction with the long-term associative
memory and the hypothesis testing system is established. An example is that a ball
having white and black patches is rather identified as a soccer ball, while an orange
colored ball is likely to be classified as a basketball.

The understanding of the functioning of the high level visual system is used in the un-
derlying dissertation to deduce the efficiency ranking for insights involving more than
one single element (perceive relationships, perceive pattern, perceive trade-offs, compare,
perceive clusters, perceive paths): Based on the findings of Kosslyn et al. (as shown
in Figure 5.13), the first stage after low level perception is the recognition of edges,
depth and orientation at multiple scales (1). Hence, the efficiency ranking starts
with this element (see Figure 5.5 to see whole ranking). After this size and location

(2) of objects is detected followed by categorical relation (3). The last relationship
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to be identified will be the coordinate relation (4).

The findings about object related perception are not usable as part of showing re-
lationships, comparisons, or clusters between elements. Thus, they are not directly
appearing in the efficiency ranking shown in Figure 5.5. Nevertheless, they provide
important information about how to design objects that are easily recognizable. This
aspect is considered within the overall and global composition of the HMI (see Section
5.1.9).

5.1.6 Glyphs

» There are two fundamental ways in which visualizations support thinking: first, by
supporting visual queries on information graphics, and second, by extending memory.”
[Ware, 2004].

Glyphs especially address the second part: the extension of the visual working memory
capacity. A glyph integrates different visual attributes in one combined form. This
especially addresses Requirement R4.4 (the synthesizing of visual elements). An ex-
ample of a glyph is given in Figure 5.14. This is a so-called radarchart representing
the state of technical equipment (e.g. for a CWSA — a condensate water separator
assembly as used within the ECLSS of the ISS). This glyph combines different visual
attributes: The value for each parameter of the technical equipment is visualized via
position. Fach position is combined in one symmetric form—the circle. Additionally, a
color is added to visualize whether the overall state is ok or not ok. In case everything
is ok and no anomaly occurs, the circle is white and round (see Figure 5.14 on the left).
If an anomaly occurs because one parameter is too low or too high, the circle changes
its form due to the changed position of the parameter value and changes its color to

red in case this deviation is critical (see Figure 5.14 middle and right).

ok Motor Temp too low Motor Temp too high
Motor Temp
Motor_Temp Motor Temp
Input_Current wotor speed Input_Current otor.speed Input Current Motor_speed
Sec Voltage Temp Sec Voltag emyp Sec Voltag. Temp
Input Volta Input_Volta
Input Voltag Delta P _Air s 7 Defta P Air - 4 Delta_P_Air
Delta P Water Delta P_Water Delta P_Water

Figure 5.14: Example for a glyph - a radarchart.

The use of glyphs has an obvious advantage: a human operator monitoring an inte-

grated visual form can perceive more than one value at once and estimate the state
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fast. Moreover, he/she can easily remember the seen visualization. Even when turn-
ing the head away, he/she can retrieve the picture easily from memory. If each value
would have been visualized separately, the operator would have to remember eight dif-
ferent visual attributes which are cognitively demanding for human beings: ,, George
A. Miller published in 1956 the seminal article “The Magical Number Seven, Plus or
Minus Two”, where he examines our limited capacity for receiving, processing, and
remembering information. [...] When more than seven levels are needed, we should
strive to group information into familiar units to expand our limited working memory
capacity. For example, the design and use of glyphs depicting integrated variables can

extend our visual working memory capacity.” [Meirelles, 2013].

Thus, the usage of glyphs allows to perceive more information at once and more infor-

mation can be held in working memory.

5.1.7 Combination

In order to design a glyph and produce groupings of visual attributes, the so-called
Gestalt laws provide a fundamental basis. The Gestalt laws have been developed by
German psychologists at the beginning of the 20th century [Wertheimer, 1923]. The
Gestalt laws are still valued today, as they provide a ,,clear description of many percep-
tual phenomena” [Ware, 2004] and their positive effect for organizing structures have

been proven in science [Novick & Catley, 2007].

»Gestalt’s principle is that the whole [...] is not the simple sum of its parts but has
greater meaning than its individual components. Gestalt principles aim to define rules
according to which human perception tends to organize visual elements into ,,unified
whole, also referred to as groups” [Mazza, 2009]. Examples of the application of rules

are shown in Figure 5.15. The rules are described in the following list.

Proximity Proximity refers to a spatial closeness of two visual elements. The closer
two visual elements are to each other, the more the viewer will assign these
elements to a conjunct group. This facilitates ,,the detection and search for asso-
ciated data” [Meirelles, 2013]. For instance, in Figure 5.15, the viewer perceives
three rows of circles, as the circles are spatially closer together on a horizontal

line compared to the vertical distance of the circles.

Similarity Similarity describes the resemblance of the appearance of two visual ele-
ments. Owing to similarity, the viewer will group these elements into a perceptual
unit. This is, for instance, essential for categorical association: ,,For example, the
use of color coding for categories can enhance search and comparison between
them” [Meirelles, 2013]. In Figure 5.15, the viewer perceives again rows of cir-
cles as the circles appearance is the same in one horizontal row compared to the

appearance of circles seen in columns.
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Figure 5.15: Gestalt laws.

Closure ,, The closure principle of perception describes our tendency to see bounded
visual elements as wholes and to unite contours” [Meirelles, 2013]. In Figure 5.15,
this is visualized exemplarily: the viewer will likely perceive a circle and a square

instead of the single lines actually shown.

Continuity The law of continuity is closely coupled to the law of closure and describes
the human tendency to close contours that represent a continuous form. Com-
pared to the law of closure, the viewer will mentally continue a line (see Figure

5.15) and likely perceive this as a single visual element.

Enclosure Enclosure is strongly coupled to the visual attribute of containment. In
Figure 5.15, the enclosure is shown via one background color (first row) or via a
surrounding line (fourth row). This leads to the aspect that the viewer assumes

that these elements belong to one group and form a unit.

Connection The connection law states that the viewer will likely group visual elements
together that are connected. In Figure 5.15, the viewer perceives rows of circles
instead of columns as the circles are connected horizontally. The law of connection
is said to be quite a strong visual hint for viewers for grouping visual elements:
,» The lines that connect various components [...| are a notation that is easy to read
because the visual cortex of the brain contains mechanisms specifically designed
to seek continuous contours. Other graphical notations for showing connectivity
are far less effective” [Ware, 2004].

Figure and Ground ., The segregation between figures and ground principles describes
the tendency to organize visual elements into units and construct relationships. In
this process, some elements are selected as figures and the remaining as ground”

[Meirelles, 2013]. In Figure 5.15, the viewer can either see a vase (deciding to per-
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ceive the black colored area as figure) or two faces looking at each other (deciding

to perceive the white area as figure and the black part as ground).

Symmetry Symmetry is also used to visually join elements: Elements that build a
symmetric form are grouped together. Furthermore, humans strive symmetry

and prefer symmetric forms and perceptual constancy [Dickinson & Pizlo, 2013].

Combination exists in two different ways. On the one hand, the integration of different
visual attributes in a combined visual form (glyph) has to be realized according to
appropriate rules, as described before. On the other hand, the overall design of the
display integrating several glyphs has to be taken into account. The latter is captured

in the upcoming section.

5.1.8 Global Design Composition

The design of glyphs represents the design of visualizations on a local part of the display.
When turning the attention towards the overall structure of the HMI, the global design
has to be considered. The term global design refers to a multi-element display that

contains more than just one glyph. For this, two different aspects should be considered:

1. The structure of information elements: Which glyphs have to be displayed on
which level of the displays? Which elements should be grouped together?
2. The global visual appearance: Do glyphs visually interfere with each other and

thus impede fast and correct detection of critical system states?

The first aspect focuses on the structure. As mentioned previously, the systematic
derivation of the information structure is systematically derived by incorporating ac-
tual existing HF methods (EID, TA) in the design procedure. The concepts of EID

and TA will be considered for the following aspects:

e Which information is shown?
e On which abstraction level is the information shown?

e Which information elements are shown together e.g. as they are needed in the
same task or in case the combination of different information values can reveal a

system state?

e Which information will be aggregated?

In case of EID, the structuring is strongly based on the abstraction hierarchy (see sec-
tion 2.3.4). Details on how to apply this abstraction hierarchy to build the overall
global design—e.g. for a whole control room or the whole working environment—can
be found in [Burns & Hajdukiewicz, 2013] or [Ostendorp, 2014].
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In case of the TA, the structuring is strongly based on the hierarchical task struc-
ture (see Section 2.3.4)—e.g. information that belongs to one task should be spatially
grouped together to avoid that a human operator has to search for information while
conducting one task. Details can be found in [Diaper & Stanton, 2003].

The choice for an appropriate method has to be taken based on the overall aim of
the HMI: Task analysis is a good choice if the HMI should support routine tasks, while
ecological interface design is a good choice to support fast detection of unforeseen prob-
lems and supports the human operator in finding appropriate problem solutions as a
deeper understanding of the working principles of the underlying system. There exist
also approaches that combine both approaches by Jamieson et al. [Jamieson et al.,
2007].

The second aspect focuses on the visual interference and relationships of elements.
As presented in the state of the art, current HF methods focus on the structure rather
than on the visual form. Thus, the Konect method offers fundamental guidelines to
ensure that various glyphs on the display do not interfere each other and that fast
perception can be obtained even with several different glyphs . These are described in

the upcoming section.

5.1.9 Guidelines for global visual appearance

The guidelines for global design refer to the wisual component for the global design
composition and ensure that various glyphs on the display do not visually interfere

each other.

These guidelines are:

1. Consistency Use the same visual attribute for the same kind of insight for similar

important information elements.

2.1 Simplicity in Shapes Choose simple shapes and visual forms, choose non-accidental

visual forms with regard to orientation.

2.2 Simplicity in colors Reduce colors for elements that do not carry any informa-

tion, besides structuring the interface.

The guidelines are based on knowledge of human perception and are explained in

the following text.

Consistency

Consistency plays an important role in interface design and is a widely accepted princi-
ple. It is considered in the ISO 9241 [ISO, 2006] as well as the first rule in Shneiderman’s
8 Golden Rules for interface design [Shneiderman et al., 2016]. Both works represent



Chapter 5. The Konect Method 72

well-accepted standards in ergonomics for interface design and with regard to the re-
quirements specified in Section 3, Konect should be compatible to the guidelines and

the standards existent (cf. Requirement R3.3).

Consistency is also the core component of the principle of visual momentum, as de-
scribed by Woods et al. [Woods, 1984]. In this principle, the authors state that multi-
ple displays should be encoded consistently to help users make referential connections
between different displays and avoid disorientation. Similar is claimed by Wickens and
Holland in their prozimity compatibility principle [Wickens et al., 2015]. The principle
states that ,more integrated tasks are facilitated by displays that are high in display
proximity; more focused tasks are facilitated by displays that are low in display prox-
imity” [Hegarty, 2011]. In this regard, the term prozimity describes ,how close together
two display components are” [Wickens et al., 2015]. This distance can be either de-
fined in spatial terms (which is considered via the task analysis by the Konect method
as information that belongs to one task or system should be grouped together) or in
terms of object-based properties (e.g. two variables are both visualized with a length).
The latter exactly refers to the consistency term, as applied by Konect. According
to Wickens et al. [Wickens et al., 2015], the use of this principle has as advantage
that emergent features can be created. Emergent features refer to the pop-out effect
of pre-attentive visual attributes [Treisman, 1985]. To allow the human operator to
perceive such a pop-out effect, a high consistency among visualizations for information
elements with similar insight and importance is absolutely necessary. Otherwise, the
visual clutter produced on the display is too high—this causes an interference that
impedes this pop-out effect.

As a side effect, this guideline addresses the principle of Informative changes stated by
Kosslyn which indicates that large changes across properties of a display that do not

carry information should be avoided [Hegarty, 2011] [Kosslyn, 2006].

Simplicity

Simplicity is often a key aspect in presenting information in a way that is easily under-
standable. This can help the human operator to interpret the information shown on
the HMI without being distracted: ,,[...] clarity and excellence in thinking is very much
like clarity and excellence in the display of data.” [Tufte, 1997]. As the state-of-the-art
chapter has shown (cf. section 2), the new technological possibilities induced some
designers to overuse colors and produce fancy and complex 3D shapes as part of the
HMI. The literature has shown that 3D shapes are quite complex to be perceived by
the human eye and thus are not an efficient choice for an HMI design for monitoring
tasks [Ware, 2004] [Hoffman, 2000]. These factors contribute to confusion and clutter
rather than offering help in understanding the displayed context. According to Tufte,

confusion and clutter should be reduced as they represent , failures of design, not at-
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tributes of information.” [Tufte, 1990].

The guideline Simplicity of the Konect method should guide the designer in choosing
simple shapes and a reduced color scheme to avoid confusion and clutter. So, simplic-
ity addresses two different dimensions: The simplicity of the shapes chosen to visualize

information (2.1) and simplicity with regard to visual features as colors (2.2).

As described in Section 5.1.5, simplicity of shapes has a high correlation to the findings
about high level vision provided by Kosslyn et al. [Kosslyn, 2006] (see also Figure
5.13): Non-accidental features are pre-processed in the ventral stream during object
recognition. As a short reminder, non-accidental means that a shape looks the same
regardless of the visual angle the human eye looks at this form. This is closely related
to the so-called ,,geons” in the recognition by components (RBC) theory of Biederman
[Biederman, 1987]. Biederman claimed that objects are recognized by segmenting them
into simple components—the ,,geons”. Geons are, for instance, a block or a cylinder.
An important characteristic of geons is that they are non-accidentally perceivable re-
gardless of their orientation. Biederman revealed that ,if an arrangement of two or
three geons can be recovered from the input, objects can be quickly recognized even
when they are occluded, novel, rotated in depth or extensively degraded.” [Bieder-
man, 1987]. Thus, the simpler a form, the easier it to be recognized. Similar findings
have been achieved by Garner et al. [W.R. & Clement, 1963] and Leeuwenberg et al.
[Leeuwenberg & Van der Helm, 2012].

Garner et al. [W.R. & Clement, 1963] conducted studies on the so-called figural good-
ness: In these studies, the authors asked participants to rate the goodness of a figure.
The key observation is that ,,better figures produce fewer transformational variants
than do worse figures” [Pashler & Yantis, 2004]. Transformational variants of figures
were constructed by rotating and reflecting the form and counting the number of dif-
ferent appearances in these so-called equivalence sets. An example is given in Figure
5.16. One can see that the equivalence set of a circle has a count of 1 as a circle looks
the same independent from its orientation. The count and complexity increases for a
rectangle and even more for a half circular line. The highest complexity has the icon for

the excavator with the count of eight different representations for the transformations.

Similarly, it has been found out by Leeuwenberg et al. and has been specified in the so-
called structural information theory (SIT) [Leeuwenberg & Van der Helm, 2012]. SIT is
again based on the simplicity principle: ,, The simplicity principle implies that the visual
system tends to select the stimulus organization that can be described using a minimum
of structural information parameters. This structural information load, or complexity,
of descriptions can be quantified in a fairly objective way so that SIT enables falsi-
fiable predictions about perceptually preferred stimulus organizations” [Leeuwenberg
& Van der Helm, 2012]. For calculating the structural information load, SIT offers a
description for coding visual shapes into symbol strings. These symbol strings can then

be simplified by applying three kinds of regularity that represent simplicity in shapes:
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Figure 5.16: Examples for application of Garners Equivalence Sets.

iteration, symmetry, and alternation. For each of these kinds of regularity, a so-called
,chunk” is used to simplify and adapt the symbol string. The structural information
load is then calculated by counting the number of symbols (representing edges and an-
gles) and the number of chunks (unless the content of a chunk is just one symbol or it
is a symmetry chunk). SIT offers a quite complex process for calculating the simplicity
or complexity of visual shapes. As key observation, the research of Leeuwenberg et al.
emphasizes the findings of Garner et al. in a more detailed form: , After all, Garner’s
concept is almost equivalent to simplicity” [Leeuwenberg & Van der Helm, 2012].

Thus, it can be said that the research on the perception of visual forms agrees on the fact
that simple forms are easier to perceive and should be preferred. This means that ,,the
information that is the basis of recognition should be relatively invariant with respect to
orientation and modest degradation” [Biederman, 1987]. The common understanding
of this aspect of perception led to the deduction of Law 2.1 in the Konect method for
the design of the overall appearance: Choose simple shapes and visual forms, choose

non-accidental visual forms with regard to orientation.

The second part of the simplicity law involved the use of color (2.2 Simplicity in colors:
Reduce colors for elements that do not carry any information besides structuring the
interface.). This can be explained having a look at the preconditions for pre-attentive
perception: This is, for instance, explained as part of the feature integration theory
developed by Treisman et al. [Treisman, 1985] or the guided search model 2.0 by Wolfe
[Wolfe, 1994] which looks at visual search behaviour of humans: ,,An important com-
ponent of routine visual behaviour is the ability to find one item in a visual world filled
with other, distracting items” [Wolfe, 1994]. The authors found out that feature search
becomes less efficient as the target-distractor difference declines and as distractor inho-
mogeneity increases. Furthermore, ,search is ,parallel” for feature searches with large
target-distractor differences” [Wolfe, 1994]. This is considered in Law 1 (1. Consis-

tency: Use the same visual attribute for the same kind of insight for similar important
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information elements.) as the distractor inhomogeneity decreases and also in Law 2.2
as the reduction for colors for all elements that do not carry any information, besides

structuring the interface, aims for a higher target-distractor difference.

Thus, all in all, it can be said that ,simplicity is not a matter of increasing white
space on the screen, but of what is shown and how it is presented.” [Opto22, 2014].
This should be well guided within a method aiming for supporting efficient monitoring
of safety-critical systems and is thus an important aspect in the Konect method de-
veloped in the dissertation. How the guidelines can be applied in a systematic way is

explained in Section 5.2 in detail.

5.1.10 Creative Skills of the Designer

Aside from the perceptual skills of the human operator using the HMI, the creative
skills of the designer creating the HMI design are considered within the method. This
is specified in the requirements section (Section 3) in the requirement R2 and more
specifically R2.2. For this reason, research on human creative skills is applied.

In this context, it should be borne in mind that Konect’s focus is on optimizing fast and
correct perception. Other optimization aspects that might exist—e.g. user satisfaction,
intuitive understanding, or that the design is graphical appealing—are not considered
in the fostering of creativity, as this would be a different optimization objective that

can even result in contrary visual forms.

Profound research on creativity has been conducted by Young et al. [Young, 2003]
and Wallas et al. [Wallas, 1926] and is still valued today. This research resulted in the

so-called Idea Box of the Konect method, which is explained in the following section.

5.1.11 1Idea Box

Decades ago, Young defined two key principles for creativity: , The first [principle is]
that an idea is nothing more nor less than a new combination of old elements. [...] The
second important principle involved is that the capacity to bring old elements into new
combinations depends largely on the ability to see relationships. Here, [...] is where
minds differ to the greatest degree when it comes to the production of ideas. [...]
Consequently, the habit of mind which leads to a search for relationships between facts
becomes of highest importance in the production of ideas” [Popova, 2015a]. Later, this
principle was approved by other researchers: Bill Bernbach said that ,,[it] is a tribute to
[Young] that such scientific giants as Bertrand Russell and Albert Einstein have written
similarly on this subject. They agree that knowledge is basic to good creative thinking,
but that is not enough and this knowledge must be digested and eventually emerge in
the form of fresh, new combinations and relationships” [Popova, 2015a]. Steve Jobs

agreed in claiming that ,creativity is just connecting things”.



Chapter 5. The Konect Method 76

To support this creative thinking, Konect offers a systematic form for the gather-
ing of raw material, which is guided by knowledge as well as the support for finding
new combinations of visual attributes. This is the idea box. The idea box is used
for fostering creativity in the form so that it represents a matrix of aspects that can
be combined. This idea box or matrix can help to find new combinations or discover
unforeseen relationships: ,, The matrix, or idea box, provides a structure to combine
or recombine ideas to develop new alternatives. The 4 x 4 box depicted yield 1,024
combinations—a far greater number than you are likely to generate without the aid
of these combinations. The purpose of the idea box is simply to get you start think-
ing about multiple options” [Denhardt et al., 2015]. The idea box is sometimes called

)

»Zwicky box” as Fritz Zwicky conducted extensive research on this format for fostering
creativity [Zwicky & Wilson, 1967]. In this regard, some authors also talk about a mor-
phological box, as the idea box is a structure to investigate the total set of relationships
contained in multi-dimensional, usually non-quantifiable, problem complexes [Zwicky
& Wilson, 1967] [Ritchey, 1998]. In this regard, it represents a well-accepted concept

in the engineering domain.

To apply knowledge about human perceptual skills within the creative process, the
idea box of the Konect method has predefined columns, which are shown in Figure
5.17.

Visual Level Efficiency Combination
Importance Ranking

ranking

Figure 5.17: Predefined columns of the Konect Idea Box.

The columns represent aspects of the theoretical framework (information, insight, ef-
ficiency ranking, combination) which have been described in detail in the previous
sections. An additional aspect of the idea box is the importance ranking: The entries
in the idea box should be ranked from the most important information to be visualized
to the least important one. This ensures that most important information elements are
visualized efficiently: Sometimes it might be difficult to combine all visual attributes
in one integrated form. In this case, the importance ranking offers help. Even if the
most effective visual attribute for each information element cannot be integrated in one
glyph, the designer is encouraged to choose the most effective visual attribute for the
most important information and use less efficient attributes for less important infor-

mation elements.

On the one hand, the idea box opens up a design space with possibilities of how to visu-
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alize the information needed by the human operator to execute his/her tasks efficiently.
On the other hand, a direct proposal is made on how to visualize a certain value in
order to be most efficient with regard to the state of the art of actual research on human
perceptual skills via the effectiveness ranking (e.g. if length is the most efficient visual
attribute, the designer will likely try to use a length to visualize this information). This
implies a constraint. One can think that these constraints impede creative thinking, yet
the opposite is the case: Haught-Tromp found out that constraints facilitate creativity
rather than impede it [Haught-Tromp, 2017].

Thus, the idea box offers a profound way of collecting information needed by the de-
signer to create the design with scientific guidance. The whole systematic procedure of

the Konect method is presented in the upcoming section.
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5.2 The Konect Procedure

In the prior section, the theoretical framework and its constitution in previous scien-
tific works have been described. To allow a designer to apply this knowledge to derive
efficient visualizations for the HMI, a step-by-step procedure has been conceived as
part of the dissertation. In this step-by-step procedure, the calculation of a numeric
indicator system is also involved to reveal deficiencies of different HMI design solutions
and heuristically estimate the quality of a solution with regard to the optimization

objectives (cf. Requirement R7).

To better clarify the steps to be carried out by a designer, the step-by-step procedure
is illustrated using a small engine monitoring example. Engines are typical equipment
monitored in control rooms. Following the state of the art and especially existing mon-
itoring systems, an example of HMI is shown in Figure 5.18. The example is created
in analogy to Figure 2.3 in the state-of-the-art section. In this example, typical P&ID
symbols are used for engine and valves. The text colors indicate the criticality of pa-
rameters as well as valve states (green indicates that the valve is open; red shows that

the valve is closed).

The Konect procedure offers four basic steps which are shown in Figure 5.19. The
first step is the information determination, while in the second step the predefined idea
box is configured for each glyph to be designed. The third step is the glyph-sketching
phase, in which the designer is working with the idea box to derive the glyphs for the
HMI. In the last step, all glyphs have to be composed in a global HMI design sketch.

All the steps are described in detail in the upcoming subsections.

Figure 5.18: Typical visualization for monitoring engine values in control rooms based
on state-of-the-art.
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Figure 5.19: The systematic step-by-step procedure of Konect.

5.2.1 Step 1 — Information Determination

The first important step is a systematic derivation of all information elements that need
to be shown on the HMI to the operator so that he/she can conduct the tasks at hand.
This information can be specified with the help of different analyses—e.g. task analysis
or work domain analysis. The kind of analysis depends on the type of the support the
HMI should offer. If the HMI should rather support routine tasks, a task analysis is a
suitable kind of analysis (see section 2.3.4). If the HMI should be designed to offer help
for problem-solving processes in unforeseen problem situations, a work domain analysis
structured into the abstraction hierarchy as it is part of ecological interface design in a
more suitable kind of analysis (see section 2.3.4).

In this first step, the connection between the current HF methods and the state of
the art for designing an HMI for supervisory control in the safety-critical domain is
established. Thus, it considers the requirement R3.1, as defined in the requirements
specification.

With regard to the theoretical framework, the main concepts considered here are gain-
ing knowledge about the monitoring task and information to be shown on the HMI in

cooperation with the operator.

In the engine monitoring example, the information elements can be determined by
conducting a work domain analysis which is part of the ecological interface design ap-
proach (see Section 2.3.4 for further information about ecological dnterface Design and
the work domain analysis). As a result of the work domain analysis, an abstraction
hierarchy, as shown in Figure 5.20, can be constructed.

In this case, the functional purpose—the overall goal—is that the propulsion system
operates in the safe mode. Therefore, different laws have to be observed on the ab-
stract function level. This is, for instance, the principle of conservation of energy. On
the third level, processes are specified that occur in the propulsion system— these are
combustion and fuel supply. The involved entities are engine and valves. The relevant
parameters to monitor these physical functions are e.g. revolutions, torque, temperature

and oil pressure for engine, and the state (open/closed) for a valve.
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This abstraction hierarchy represents just a short extract. The analysis (TA or WDA,
as shown in the example) in this first step serves two purposes: First, to determine
the information that needs to be shown on the HMI (e.g. engine torque, engine revo-
lutions, engine temperature, oil pressure), and second, to determine the structure (e.g.
engine parameters should be grouped together with valve parameters to allow an overall
estimation of correct operation of the propulsion system).

Functional Purpose

propulsion system
operates in safe mode

Abstract Function ’\\

principle of
conservation of energy

Generalised Function /l\\

combustion fuel supply
|
Physical Function |
engine valve
\
Physical Form /R\ \
. . state
revolutions torque temperature oil pressure

open/closed

Figure 5.20: Extract of the WDA for a propulsion system.

5.2.2 Step 2 — Idea Box Specification

As stated previously, Konect prepares knowledge in a form that is easily applicable by
a designer and allows him/her to optimize the design for fast and correct perception of
the human operator. This is realized via the idea box, as described in Section 5.1.11,
and shown in the theoretical framework part (Card B). Further concepts coming from
the theoretical framework and that form the base of this step are the columns insight,
visual efficiency ranking, visual attribute, combination and the perceptual skills of the
operator as well as creative skills of the designer. The second step prepares all knowl-
edge need during the rationally justified HMI design in the form of the idea box. This
can be done by conducting further defined sub-steps, as shown in Figure 5.21: First,
a decision has to be made on how many glyphs the HMI design should contain (2.1
Decide for glyphs). This decision can be made based on the analysis conducted before.
In this regard, it has to be considered that information that belongs to one subtask
(based on a task analysis) or one element that belongs to a higher abstraction level
(based on the work domain analysis as conducted in the ecological interface design) has

to be grouped into one glyph. During the evaluation phase of the Konect method and
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2.1 Decide for glyphs

2.2 Specify Idea Box

2.2.2 Decide for insight based on HF
analysis conducted in step 1

2.2.3 Rank all entries according to
importance of the information

Figure 5.21: Substeps for step 2 - prestructured idea box for glyph design.

the application of the method by different designers with various background knowl-
edge, the experience has been gained that a suitable amount of information elements

integrated in one glyph should not exceed 12 information elements.

In case of the engine monitoring example, the information elements can be found on
the lowest abstraction level. These are revolutions, torque, temperature, and oil pres-
sure that can be grouped together in one glyph informing about the engine state. To
design the engine glyph, the idea box can be constructed in the upcoming sub-step (2.2
Specify Idea Boz). This step can be further subdivided into three sub-steps:

As the first sub-step (2.2.1 Fill in information to be shown based on HF analysis), the
information elements can be entered in the first column of the idea box (see Figure
5.22).

In the second sub-step, an insight needs to be chosen for each information element.
This can lead to an increase of entries in the idea box as one information element can
have more than one insight. This aspect can be clarified by looking at the engine mon-

itoring example. The idea box containing information elements and insights is shown
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Visual Level Efficiency Combination
Ranking

revolutions

torque
temperature

oil pressure

Figure 5.22: Idea Box - Fill in information elements.

Visual | Efficiency Ranking | Combination
Level

revolutions perceive quantitative value (fast)
revolutions perceive if value is ok (fast)
torque perceive quantitative value (fast)
torque perceive if value is ok (fast)
temperature perceive quantitative value (fast)
temperature perceive if value is ok (fast)
oil pressure perceive quantitative value (fast)
oil pressure perceive if value is ok (fast)

Figure 5.23: Idea Box - Decision for insights.

in Figure 5.23. One can see that each piece of information should be perceived as a
quantitative value (fast) to estimate the exact number—e.g. the number of revolutions
of the engine. On the other hand, the human operator wants to know if the values
are within acceptable limits and thus wants to perceive if the value is ok (fast). As a
result, the number of entries in the table is doubled.

In the last sub-step (Rank all entries according to importance of information), all en-
tries in the idea box are ranked according to their importance—e.g. in case of the
engine monitoring task, all parameters are equally important—but to see whether the
parameter is ok or not is a bit more important than its quantitative value (see Figure
5.25). To express the fact that certain elements can be equally important, the elements
can be assigned importance values. This value is called the weight W in Konect. W
can be calculated by building up a tree starting with the most important information
and ending with the least important one. This is exemplarily shown in Figure 5.24.
Each element gets the number of the stage it is assigned to as weight W.

The content of the columns wvisual level and efficiency ranking can be filled in with the
help of the mapping table shown in Figure 5.5, and the combination column is filled in
with the elements described in Section 5.1.7. These fillings represent knowledge coming

from Konect’s theoretical framework.
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2 revolutions (ok)  torque (ok) temperature (ok)  oil pressure (ok)

1 revolutions (quantitative) torque (quantitative) temperature (quantitative) oil pressure (quantitative)

Figure 5.24: Calculation of importance (Weight W).

Visual | Efficiency Ranking Combination
Level

revolutions perceive if low-level color hue (0), shape (1), length (2),

value is ok slope (3), volume (4), text/not
(fast) expressive (5), missing (6)

2 torque perceive if low-level  color hue (0), shape (1), length (2),
value is ok slope (3), volume (4), text/not
(fast) expressive (5), missing (6)

2 temperature perceive if low-level color hue (0), shape (1), length (2),
value is ok slope (3), volume (4), text/not
(fast) expressive (5), missing (6) symmetry

Imr::::i:nce 2 oil pressure perceive if low-level  color hue (0), shape (1), length (2), flgutr.eland g.roEJtnd
g value is ok slope (3), volume (4), text/not spatial proximity
R o connectedness
(fast) expressive (5), missing (6) o
continuity

1 revolutions perceive low-level length (0), slope (1), volume (2), color  closure
quantitative hue (3), text/not expressive (4), relative size
value (fast) missing (5) similarity

1 torque perceive low-level length (0), slope (1), volume (2), color
quantitative hue (3), text/not expressive (4),
value (fast) missing (5)

1 temperature perceive low-level length (0), slope (1), volume (2), color
quantitative hue (3), text/not expressive (4),
value (fast) missing (5)

1 oil pressure perceive low-level length (0), slope (1), volume (2), color
quantitative hue (3), text/not expressive (4),
value (fast) missing (5)

Figure 5.25: Idea Box - importance ranking and efficiency ranking.

All specifications done in this second step of the Konect procedure should also be
intensively discussed with the operator of the interface, quite similar to the analysis
conducted in Step 1. Thus, the designer should not decide on his/her own which in-
formation is most important or what the insight the operator wants to acquire when
looking at a certain information. The better this specification fits the task of the human

operator, the better the HMI can be tailored to support this task.

5.2.3 Step 3 - Glyph Sketching

The third step is the Glyph sketching. In this step, the choice for visual attributes and
its synthetization takes place. This step uses knowledge prepared in the second step to

design the glyph. Step 3 can be further subdivided into the following sub-steps:

1. Choice of visual attribute: As first sub-step, the most efficient visual attribute
for each information in the box should be chosen. This can be done with the help of

the efficiency rankings in the box shown in Figure 5.25. For further calculating the
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efficiency of the choice and better revealing deficiencies, a normalized efficiency value

V' E can be calculated for each choice as follows:

R(v)

VEG) = R(maz)

(5.1)
In this regard, the visual efficiency V E is calculated for one piece of information i. R
stands for ranking and v for visual attribute. An example of information ¢ can be the
information element revolutions with the insight perceive if value is ok (fast), as shown
in the first line of the idea box. The visual attribute v has to be chosen. This can be for
instance color, shape, length, slope, or volume to visualize this information efficiently.
It would be least efficient to display the information as text or another visualization
that is not expressive for the chosen insight (e.g. color saturation) (and thus do not
appear in the efficiency ranking of the insight) or even to decide to not display the
information (missing). Hence, the whole possible ranking R from which a designer can
choose a visual attribute v is: color hue (0), shape (1), slope (3), volume (4), text/not
expressive (5), or missing (6). As the maximum range from which a visual attribute
can be chosen is 6, this results in R(max) = 6. If the designer selects color as a visual
attribute, this results in R(color) = 0, as represented in the position of the ranking.
This leads to the calculation of VE as: V E(revolutions_ok) = R(color) _ % = 0. Thus,

R(max)
the most efficient choice will lead to the lowest value (0) and the least efficient choice

to the highest value (1). This normalization results in the fact that the choice for a
visual attribute can be easily estimated and deficiencies as well as better choices are

made obvious.

1.1 Create instantiation of choice: After deciding for a visual attribute, the exact
instantiation has to be created. Instantiation means that an exact characteristic of a
visual attribute is designed. This is exemplarily shown in Figure 5.26. In this case,
there exist various instantiations for the visual attribute color hue (e.g. blue, red, or
green) for length or for shape. This step reveals the main reason why Konect is intended
as a method that should be conducted by a human and does not aim at computing an
HMI automatically by the machine. Compared to a machine, the human’s advantage
lies in creativity [Kasparov & Greengard, 2017] and empathy for the user. This can
be considered in this step, especially with regard to choosing an appropriate instan-
tiation that minds the semantics of the underlying task of the human operator—e.g.
if a distance below a certain element (e.g. distance between ship and seabed (under
keel clearance)) should be visualized as a quantitative value that is fast perceivable,
the idea box in Step 2 states that a length is the most efficient visualization. When
creating an instantiation for this length, a human will rather prefer a vertical line or
bar instead of a horizontal line due to its semantics of being below as below or above
characterizations are internally associated with positions on a vertical axis. Similar

things can be found in cultural experience of the designer: In western countries, the
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color red is often associated with danger and will be rather used to visualize a critical
state, while a green color is preferably used to visualize non-criticality. As the designer
creates the HMI, this empathic factor is considered, and besides, fast and accurate
perception along with the intuitiveness of the design can be considered as a side effect.
In the following text, this is addressed with the term semantics of the instantiation.
Another aspect that should be considered in this step are the scales of information:
The chosen scale of the information can be adapted to the importance of a piece of
information to the size that can be seen by the human eye and to differences between
the values that need to be distinguished by the human eye (on the level needed by the
human operator to conduct his/her tasks). Like the semantics, this is achieved by the

designer’s empathic factor when creating the design.

Visual Attribute Possible Instantiations
Color Hue . .

Length | E— r
Shape . . .

Figure 5.26: Examples for instantiations.

2. Combine chosen visual attributes in one glyph: In a second sub-step, the
designer tries to combine the chosen visual attributes in one glyph. In case he/she has
problems in this design step, the sub-step 2.1, as described in the following text, offers
help.

2.1 In case problems occur combining the visual attributes: In case problems
occur, the choice resulted from Step 1 can be adapted in such a way that a less efficient
visual attribute for a less important information is chosen. This step emphasizes again
the relevance of the importance ranking: In this case, the importance ranking ensures
that important information is visualized in the most efficient way. In case compromises
have to made (if not every single visual attribute can be combined in one visual form),
this decreases the perceptual effectiveness of less important information. This aspect
again tailors the HMI to the task of the human operator.

An example of a sketch based on the engine monitoring example is shown in Figure

5.27. The upper example shows the state in case all parameters are ok. The quanti-
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tative values for each parameter is shown via the length of the quarter pieces of the
engine glyph. The combination into one glyph was done on the basis of symmetry.
Therefore, each length was normalized and aligned in a symmetric circular form. In
case, one parameter is out of its acceptable limits, color is used to visualized this state

(see example at the bottom of Figure 5.27).

Non-Critical State

/ Propulsion System \

Combustion Fuel Supply

revolutions Valve .

open

torque

oil pressure

K Engine /

Critical State (Oil pressure too low)

/ Propulsion System \

Combustion Fuel Supply

temperature

revolutions Valve .

open

torque

oil pressure

\ Engine /

Figure 5.27: Example HMI for engine monitoring example.

temperature
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5.2.4 Step 4 — Design Composition

While the previous step addresses the creation of glyphs, the following approach is ap-
plied afterwards to ensure that the global design will not lead to unintended side-effects
(e.g. clutter or visual inferences between different glyphs), which can induce an effi-
ciency decrease, especially for perceiving critical information. As described previously,
this includes two aspects: First, the structure of information elements, and second,
the global visual appearance. For the first aspect, all elements are visually grouped
according to the prior analysis (TA or EID)—e.g. all parameters indicating the en-
gine state are aggregated and grouped together to form the engine glyph; on the next
level, all aggregations, e.g. engine, valve etc., are grouped together to inform about
the combustion. In this regard, it has to be considered that not all aggregation levels
have to appear on one single display. There can also be several displays that allow
an overview of the whole system state on the highest level and allow ,,zooming into”
different aspects. In this case, the P&ID display can appear again, but it will appear on
a deeper level as this represents a rather detailed view of physical arrangement. This is
exemplarily shown in Figure 5.28. As this structuring is based on the state of the art,
no further details are provided here (details can be found in [Burns & Hajdukiewicz,
2013] or [Ostendorp, 2014]). The second aspect (global visual appearance) represents
an extension of this state of the art and is thus described in detail in the upcoming

text.

/ Engine Valve \

zoom in

open
oil pressure -

80.0

Figure 5.28: Example HMI structure based on EID/TA.
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For the global visual appearance, the previously described guidelines (see Section 5.1.9)

are applied in a systematic step-by-step approach.

1. Establishing consistency throughout the glyps: For establishing consistency
throughout the glyphs, the following sub-steps need to be conducted.

1.1 Grouping according to insights: At first, the idea boxes used in Steps 1 and
2 are reordered according to the insights. This means that all information elements

having the same insight are grouped together.

1.2 Mark visual attributes: In the regrouped list, all visual attributes used in Steps

1 and 2 are marked—e.g. if a color has been chosen, color is marked in the efficiency list.

1.3 Adapting visual attributes: In this step, the designer tries to use the same
visual attribute for each element in the insight list. To achieve this, the designer has
to adapt some visual attributes. For this, it should be considered that he/she should
avoid exchanging a high-ranked visual attribute for a piece of important information
with a lower-ranked visual attribute. In the other direction, changes can be applied
(e.g. using a higher-ranked visual attribute for a less important piece of information to

reach a more consistent overall form).

1.4 Adapt instantiation of visual attribute: In this step, the instantiation of
visual attributes are brought into a more consistent state. The designer goes through
the visual attributes in the insight list and tries to choose similar instantiations (e.g.
if green is an indicator for ,,ok”, green should be used throughout the whole sketch for

encoding this information).

2 Establishing simplicity for all visual structures and forms in the sketch:
To establish simplicity for visual structures used in the sketch, the following steps need

to be conducted.

2.1 Rotating forms and counting number of appearances: At first, each struc-
tural form or shape should be analysed. This might be forms that belong to the glyphs
and structure them, as well as elements that are used to structure the whole sketch.
Each form should be rotated in 90-degrees step and reflected on the horizontal, vertical,
and diagonal axes (as exemplarily shown in Figure 5.16). Then, the number of different

appearances should be counted.

2.2 Adapt forms for higher structural simplicity: Case step 4.1 resulted in a
high number of different appearances, structural forms might be adapted to reduce the

structural complexity of the overall design. In this step, it should be considered that a
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trade-off is conducted between fast perception of the form and intuitive understanding

of the visualization.

2.3 Reduce colors: For further establishing simplicity, all colors that do not carry
information (besides from structuring the interface) should be reduced and a more neu-

tral color coding should be applied (e.g. grey).

An example—how these guidelines change the visual appearance of the HMI—is given
in Figure 5.29. On the left side, the original design (as shown at the beginning of the
chapter) is presented. The application of the guidelines leads to the HMI shown on
the right side: The guidelines application reveals that the red color is once used to
visualize the state (ok/not ok) for the parameters. On the other hand, it visualizes the
state (open/closed) regarding the valve. This inconsistency is solved (red indicates not
ok, dark blue indicates closed). In addition to establishing consistency throughout the
glyphs, color coding is once applied to the parameter text (see Figure 5.18) and once
to the description text and the background element (see Figure 5.27). Here consistency
was achieved by adapting this coloring. Furthermore, Guideline 2.3 leads to a more
reduced usage of colors (grey instead of green is applied to indicate a normal state).
Thus, the systematic application of the guidelines results in a more consistent visual
form and critical states are more salient as no interference with other visual forms (e.g.

critical parameter values vs. closed valves) appears.

open
oil pressure -

80.0

Figure 5.29: Example for global design composition guidelines for visual appearance.



Chapter 5. The Konect Method 90

5.2.5 Numeric Indicator for Estimating HMI Efficiency — the Konect
Value K

The numeric indicator for estimating the approximated efficiency of a certain design
during the design stage mainly addresses the requirement R7, as specified in the re-
quirements section. This numeric indicator system helps to estimate the efficiency of
different HMI design solutions regarding the optimization objectives (fast perception
of critical system states and reduction of assessment failures). Like the previously de-
scribed procedure, the numeric indicator is developed on the scientific base provided
by the theoretical framework. The numeric indicator system is called the Konect Value
and is explained with the example of a temperature indicator. The correctness of the
Konect Value is evaluated in Section 6.3 and discussed in 7.7. The temperature of a
certain technical equipment in a system under supervisory control can be displayed in
different ways. Figure 5.30 exemplarily shows three different ways for the HMI design

solution.

73°C

max 70°C

Figure 5.30: Examples for HMI design solutions for a temperature control indicator.

g maion g ccenornkng Ve ]

> actual temperature perceive quantitative value length (O), slope (1), volume (2), color hue (3), 08
(fast) text/not expressive (4), missing (5) o
> actual temperature perceive if value is ok (fast) color hue (0), shape (1), length (2), slope (3), a
volume (4), text/not expressive (5), missing (6)
max. allowed perceive quantitative value position (0), length (1), angle (2), slope (3), area (4),
1 temperature volume (5), density (6), color saturation (7), color 0.9
hue (8), text/not expressive (9), missing (10)

Inconsistencies: O, Additional Information: O, Simplicity in Colors: O, Simplicity in Shape: O

Figure 5.31: Example Idea Box for temperature control indicator - HMI Design Solution
A.

In the first design on the left (Design A), the actual temperature is displayed as a large
number in the middle, the maximum allowed temperature, and thus, the acceptable
limit is shown below the number as textual information. The design in the middle
(Design B) is quite similar to the design solution A. The difference lies in the coloring
of the actual temperature text: If the value exceeds the limit, the text is colored in red.
In the third design, a length is used for displaying the actual temperature value, while
the limit is shown via a position (white line) and the color of the bar indicates if the

actual temperature exceeds the allowed maximum temperature, and thus, represents a
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critical system state.

It is obvious that Design C allows a much faster and correct estimation of the sys-
tem state than Design A. With help of the Konect method and the Konect indicator
system, this can be revealed on an objective, rationally justified level, thus highlighting
the deficiencies of design solutions:

For each of the different design solutions, an idea box can be created (see Figure 5.31
for the idea box of the design solution A). In this case, it has to be considered that
the idea box should now not only comprise one glyph, but the entire HMI
design. In the example, the idea box contains three different information elements:
the actual temperature that should be perceived as a quantitative value, the actual
temperature (with insight if the temperature is ok or not), and the maximum allowed
temperature. The actual temperature is slightly more important than the maximum
allowed temperature and thus get a weight of 2, while the maximum allowed temper-
ature gets a weight of 1. The chosen visual attributes are marked with orange in the
efficiency ranking list and based on this the visual efficiency V' E as explained in Section
5.2.3 is calculated. Furthermore, the violations against the rules specified for the global
design solution, as described in Section 5.1.9 and section 5.2.4, should be counted and
are written at the bottom of the box shown in Figure 5.31. As this is quite a simple
example, no additional information is given, no inconsistency appears ,and simplicity
in colors and shapes is fulfilled. Based on this box, the Konect Value can be calculated

as follows:

Yo (wxVE()) + > (w* Violations)

K = S w

(5.2)

The weight is multiplied with the visual efficiency to ensure that a less efficient visual
attribute for a more important information is more recognized compared to a less
efficient visual attribute for a less important information. The weight for the violations
is always calculated as 1 with one exception: With regard to simplicity in color, there
is one specific violation with outstanding impact—color-encoding failures. A color-
encoding failure, for instance, occurs if red is always used as the color indicating a
critical system state and red is again used on another part of the HMI design to structure
the design solution. This becomes more relevant with increasing importance of the
information encoded. Thus, the weight of the information itself is taken as the value
w for these kinds of violations to consider the importance of the information for the

calculation of the Konect Value K.

In case of the example Design A, as shown in Figure 5.30 with the idea box shown in
Figure 5.31, this leads to the Konect Value K of:
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S (wxVE(@))+ > (w* Violations)
Sw
((2%0.8) +(2%1.0)+ (1%0.9))+ (0+0+0+0)
2+2+1+0 (5.3)

K:

Owing to the sum of the weight values in the denominator, the Konect Value K always
lies between 0 and 1. In this regard, the higher the Konect Value K, the less efficient
the HMI design solution is estimated to be. In case of the underlying example, Design
A gets a Konect Value of 0.9, which is quite high and indicates that the solution is not
optimal. The idea box in Figure 5.31 also reveals where the deficiencies lie: the missing
indicator for the temperature criticality and the less efficient visual forms. In the idea
box, it is directly obvious which choices for visualizations are more appropriate, for
instance, to show whether the temperature is ok or not ok, a color can be added to
improve the design. This is done in Design B, as shown in Figure 5.30, and leads to the
adapted idea box shown in Figure 5.32. Hence, Design B gets a lower Konect Value

(and is thus estimated as being more efficient than design A):

YD (wxVE(@))+ > (wx* Violations)
> w
((2%0.8) + (2%0.0) + (1% 0.9)) + (0 + 0+ 0+ 0)
2+2+1+40 (5.4)

K =

An even more optimal solution is Design C, which uses the most efficient visual at-

tributes for all information elements and thus gets a Konect Value K of 0:

Y wxVE(®)+ > wx* Violations
- S
((2%0.0) + (2%0.0) + (1%0.0)) + (0+0+0+0)
2+2+1+0 (5.5)

K

|
© gl o

So, all in all, it can be said that the calculation of the Konect Value K can be used
as a metric to estimate the efficiency of different HMI solutions, reveal deficiencies,

and at the same time, offer ways for improving the solution and provide the rational
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actual temperature perceive quantitative value length (O), slope (1), volume (2), color hue (3),
(fast) text/not expressive (4), missing (5)
actual temperature perceive if value is ok (fast) color hue (0), shape (1), length (2), slope (3),
2 a -
volume (4), text/not expressive (5), missing (6)
max. allowed perceive quantitative value position (0), length (1), angle (2), slope (3), area (4),
1 temperature volume (5), density (6), color saturation (7), color

hue (8), text/not expressive (9), missing (10)
Inconsistencies: O, Additional Information: O, Simplicity in Colors: O, Simplicity in Shape: O

Figure 5.32: Example Idea Box for temperature control indicator - HMI Design Solution
B.

actual temperature perceive quantitative value length (0), slope (1), volume (2), color hue (3),
(fast) text/not expressive (4), missing (5)
actual temperature perceive if value is ok (fast) color hue (0), shape (1), length (2), slope (3),
2 a o g
volume (4), text/not expressive (5), missing (6)
max. allowed perceive quantitative value position (0), length (1), angle (2), slope (3), area (4),
1 temperature volume (5), density (6), color saturation (7), color

hue (8), text/not expressive (9), missing (10)
Inconsistencies: O, Additional Information: O, Simplicity in Colors: O, Simplicity in Shape: O

Figure 5.33: Example Idea Box for temperature control indicator - HMI Design Solution

C.

justification for choosing a design solution (see section 6.3 for detailed evaluation).

The idea boxes shown in Figure 5.31, 5.32 and 5.33 can also be used as a reusable
solution document. To ease working with the Konect method and the calculation of
the Konect Value, a tool support has been implemented. This is described in the

upcoming section.
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5.3 The Konect Tool Support

@ Konect - Idea Box - Kanect Value [=olm] = ]

File Help

W Information Insight Visual Level Attribute (Effect) Chosen Attribute Combination

New Information Edit Information Delete Information

Figure 5.34: The Konect Tool Support - Overview.

To allow easy applicability of the Konect method, a tool support was implemented.

The tool support has been implemented as JavaFX application.

An overview of the main display of the Konect tool is shown in Figure 5.34. The
main functionality of the Konect tool lies in supporting the filling of the Konect idea
box and at the same time calculating the Konect Value. For conducting this task, the
designer has the possibility to specify a new information element, edit an information
element entry, or delete an entry (see buttons at the bottom of Figure 5.34). In case
the designer wants to specify a new information element entry or edit an existing one,
an edit dialogue opens up.

This dialogue is shown in Figure 5.35. In this dialogue, the designer can insert a name
for the information as text. After specifying the information, an insight can be chosen
in the form of a predefined choice list. This choice list is shown in Figure 5.36. The
weight of the information can be inserted as numerical value. The last value that
needs to be specified is the attribute choice. In this case, the choices available for
the visual attribute depend on the selected insight. An example of how this list can
look like is exemplarily presented in Figure 5.37. In this case, the list is shown for
the previously defined insight ,perceive quantitative value”. If a value is missing or if
the weight is not specified as numerical value, the tool states this and will not insert
false specified information in itself. So, the tool ensures that the specification of idea
box entries is performed correctly and false specifications are avoided. This becomes
especially important as the Konect Value is calculated in parallel so that the designer
can directly observe implications that design choices have on the Konect Value. So,
the consequences of choices on the estimated efficiency of the overall design is directly
visible.

The numerical values for the amount of inconsistencies, additional information, and

violations in simplicity of colors and shape can be added at each time in the text fields
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Information

Insight

Attribute Ch

Figure 5.35: The Konect Tool Support - Edit Dialogue.

shown on the right (cf. Figure 5.34). Also in these text fields, the Konect tool does

only allow numerical values and ensures that false specifications are not possible.

The calculated Konect Value is shown in Figure 5.38 and 5.39. In this example, the
idea box for the temperature control indicator (as presented in the prior section for
clarifying the calculation of the Konect Value) for the design solutions A (as shown in
Figure 5.31) and C (Figure 5.33) is presented: The idea box and the calculated Konect
Value for the design solution A is shown in Figure 5.38, and for the design solution C
in Figure 5.39, thereby displaying the Konect tool representation. In these pictures,
it can be seen that the Konect tool adapts the color of the Konect Value text label
based on the calculated numeric indicator: If the Konect Value is below 0.3, the design
solution can be estimated as being efficient regarding the operator’s perceptual skills.
In this case, the text label is colored in green. In case the value is higher than 0.8, the
design solution is quite inefficient and a rework is absolutely necessary for ending up
with a good design solution for the task at hand. Thus, the text label is colored in red.

In all other cases, the text label appears in white.

In the event that a rework is essential for an efficient design solution, the idea box
offers hints for points with the highest potential for improvement in the columns At-
tribute and Chosen Attribute: In the column Chosen Attribute, the VE value directly
reflects the efficiency of the visual attribute choice. A high value indicates the existence
of more efficient choices. Better choices can be found in the Attribute Column. So, the
designer can ,,play around with the attribute choices” to end up with a more efficient

design solution and a lower Konect Value.
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@ Konect - Idea Box - Konect Value [olE] =

W Information Insight Vi 7 - _

‘ perceive quantitative value
ive if value is ok
‘ perceive quantitative value fast
perceive if value is ok fast
per category/mode
perceive category/mode fast
perceive summary (min, max, avg, %)

find

perceive pattern (distribution, trends, frequency, structure)

perceive outliers/exceptions

perceive relationships (correlations/impact/dependencies, multi-way interactions)
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Figure 5.36: The Konect Tool Support - Predefined Insights.
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Figure 5.37: The Konect Tool Support - Attribute Choice.

The Konect tool offers further functionalities to ease the work with the idea box. These
functionalities can be accessed via the main menu, as shown in Figure 5.40. The
designer can create a new idea box, save the idea box, or open a saved one. The data
in the idea box can be saved as .xml-File. Thus, the designer can continue working on

an idea box at different times and work on several design projects in parallel.
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Figure 5.38: The Konect Tool Support - Temperature Control Indicator Solution A.
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6 EVALUATION OF THE KONECT METHOD

In the previous chapter, the conceptualization of the Konect method has been described
and reasoned according to prior knowledge coming from the scientific domain. The
method was applied and evaluated in different domains—the automotive domain and
the maritime domain. The studies conducted and results achieved are described in the
upcoming sections.

An overview of the studies is shown in Figure 6.1: In the first part, a workshop was
conducted, in which the invited human factors experts applied the method for an
automotive use case. The reason for conducting this workshop was twofold: First, the
workshop tested the applicability of the method; second, the resulting designs were
needed as input for the subsequent laboratory study (Laboratory Study 1). In this
study, the designs constructed with the Konect method were compared against those
constructed with traditional methods to measure whether the Konect designs perform
significantly faster and more correctly than the non-Konect designs. This laboratory
study had to be conducted under artificial and controlled laboratory conditions to allow
the exact measurement of perception times and correctness. So, the question arises
if these results are transferable to more realistic conditions, especially in case more
than one task (e.g. a secondary task as steering) is involved aside from the regarded
monitoring task. This was the reason for conducting a driving simulator study to test
if the effect measured under laboratory conditions remains the same.

This first part keenly focused on the first three steps of the Konect procedure. Step 4
was of minor importance as the whole design involved a limited amount of information
elements (11). Hence, a second use case involving another domain (maritime) and
a higher complexity of the information visualized was examined. In analogy to the
automotive use case, the designs were developed in workshops and then tested under
laboratory conditions (Laboratory Study 2).

Finally, the measurement results of Laboratory Study 1 and Laboratory Study 2 were
used to validate the Konect Value.

Details for all studies (hypotheses/research questions, method, procedure, and results)

are given in the upcoming subsections.
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Figure 6.1: Evaluations Overview.

6.1 Application of Konect for Truck Platooning

An initial experiment was carried out in the automotive domain for a truck platooning
use case. This use case is described in detail in the upcoming section. For this use
case, five HF experts applied the Konect method for systematically deriving an HMI
optimized for fast and correct perception in a workshop (section 6.1.2). The resulting
HMIs have then been tested and compared to designs created with conventional HF
methods in a laboratory study (section 6.1.3) as well as in an experiment with the

driving simulator (section 6.1.4).

6.1.1 Use Case Description

The use case used for the first evaluation of the Konect method is truck platooning.
Truck platooning involves a group of heavy-duty vehicles driving very closely to each
The heavy-duty

vehicles are interconnected through vehicle-to-vehicle (V2V) communication. The lon-

other to save fuel and optimize the use of existing infrastructure.

gitudinal control (i.e. speed and inter-vehicle distance) of trucks in a platoon is au-
tomated. The short inter-vehicle distance and automated longitudinal control have
significant benefits for saving fuel. Nevertheless, the automation has to be monitored
by the driver, who, on his part, encounters a new driving situation: They experience
semi-automated driving at a very close distance. This close distance leads to a blocked
field of view. Prior works have shown that drivers have different, yet recurring, concerns
with platooning [Sadeghian Borojeni et al., 2016] [Eilers et al., 2015]. When asked, they
mostly state that they fear truck platooning because they are not able to look ahead
to anticipate the evolving traffic situation. Drivers also worry that they would not be

able to react in time to road events to prevent accidents (e.g. possible failure of the
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ACC). As the use case involves monitoring of safety-critical systems by having a focus
on fast perception of the situation, it was an especially suitable application domain for
the Konect method. Furthermore, the interest in and research on truck platooning is

rapidly growing [Dutch & the Environment, 2016].

6.1.2 Workshop 1

As mentioned previously, the first workshop was conducted to test the applicability
of the Konect method and to deliver the input designs for the subsequent Laboratory
Study 1.

Research Questions

The main questions were:
e Is Konect easy to apply for HF experts (Q1)?
e Does Konect help to produce more HMI design ideas (Q2) and faster (Q3)?
e Does Konect help to develop HMIs that are suitable for the task at hand (Q4)?

o Would the HF experts use Konect in the future (Q5)7

Method

For evaluating the applicability and the concept of Konect, it has been applied in a
workshop. The set-up is shown in Figure 6.2.

Five human factors experts (four male, one female) participated in the workshop. Three
participants hold doctoral degrees in the field of human factors engineering and thus
are deeply experienced in this field. One was a certified UX professional. The experts
had different background knowledge regarding the use case: Four did not have prior
knowledge of platooning and had never seen a design for the problem at hand. They
were chosen to avoid any bias based on pre-existing experience. One was an HMI
designer, who has been involved in designing an HMI for the platooning problem within
the EU project COMPANION. He/she was chosen to make a statement on how much
individual differences in the creativity of the designers might have influenced the results

and whether Konect would able to improve design ideas if the person is biased.

Procedure

First, the Konect method was introduced to the participants, followed by a discus-
sion in which questions were answered. In the next step, the platooning scenario was
introduced using oral presentations and videos. The task for the participants was to
create an HMI design for the given platooning scenario, where drivers should observe

the following parameters: distance between the front and back trucks, speed of the
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Figure 6.2: Set-up for application of Konect in a workshop with HF experts.

front and back trucks, and their own speed and planned speed. Another requirement
was that the drivers should be able to detect if any of the parameters reach values that
would possibly impair the safety of the system (e.g. inter-vehicle distance too short,
speed too high). Again, the participants could ask questions. After these introductory
parts, the participants were given around two hours of time and the paper prototyping
material (e.g. pens, paper, crayouns, ...) to apply the Konect method to derive an HMI
design for the given scenario. During the session, the participants were allowed to ask

questions relating to Konect and the scenario.

Results

The paper prototypes have been transferred into digital versions, which are shown in
Figure 6.3 on the right (3-7). Designs which were developed without Konect are shown
on the left (1, 2). These designs have been developed with conventional methods by HMI
designers in the EU project COMPANION [Borojeni et al., 2016]. The HMI designers
of COMPANION assisted in the workshop by explaining the use case. As stated before,
one of them also applied Konect exemplarily and created Design 7 on the right. Thus,
it was possible to compare non-Konect designs with the designs composed with Konect
guidance made by the same designer. Each design visualizes the plan speed, the speed
of one’s own vehicle, the speed of the vehicle in front and the vehicle behind, and the
distances with the vehicle in front and behind.

After the design phase of the workshop, each participant went through a questionnaire
and gave feedback in a short discussion round. The results of the questionnaire are

shown in Figure 6.4.
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without Konect with Konect

Figure 6.3: Platooning Designs.

The participants all agreed that the method was easy to apply (Q1).

Regarding Q2, three designers agreed that Konect helped to produce more ideas.
The designer coming from the EU project COMPANION actually had the comparable
situation of creating a design without Konect. He totally agreed and stated that Konect
really inspired him to create more ideas. One designer mentioned that he cannot make
a reliable statement regarding the amount of ideas as he cannot estimate how much
ideas he would have produced without guidance of Konect. That was the reason why
he stated to be neutral. Another designer did not agree: In the discussion round, he
revealed that he experienced Konect as a method to create one improved HMI design.
Instead of designing a lot of different HMIs, he focused on one design idea and stated
that Konect really supported him in improving that design iteratively. He also admitted
that Konect did not help him to produce ideas faster (Q3), but was convinced that
the resulting HMI was of higher quality and totally agreed to Q4 (that Konect helps
to develop HMIs that are suitable for the task at hand). Concerning Q3, all other
participants, including the designer from the EU project COMPANION, agreed that
Konect helped to produce ideas faster, but two of them were neutral regarding Q4.
They mentioned that they wanted to talk to the real users of the system to make a
reliable statement for the HMIs’ task suitability.

According to Qb, all the participants agreed that they would use Konect in future
because it could be applied easily and helps to develop suitable HMI designs quite fast
by presenting the possible design space and rational justifications for choosing visual

attributes.
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Figure 6.4: Estimation of the applicability of Konect via questionnaire.

6.1.3 Laboratory Study 1

Having the five HMI designs created in the workshop, it must be tested if the Konect
HMI designs can be perceived more correctly and at the same time faster than the
two non-Konect designs. In the scenario, it is required to assess if a situation becomes
critical—it means that either the distance value or the speed value exceeds their op-
erational limits. In a computer-based experiment, the participants were instructed to
decide as fast as possible whether a given design reflects a critical situation or not. The
time from presentation (activated by pressing the Enter key) until a second pressing of
the Enter key as reaction time (RT) had been measured. After each presentation, the
participants had to state if the previous situation was critical or not to measure how

many errors were made (correctness).

Hypotheses

The following hypotheses with (HO) as the null hypothesis have been formulated:

(HO) There is no difference in RT and correctness of perceiving the situation between

non-Konect designs compared to the Konect designs.
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Figure 6.5: Set-up for user study under laboratory conditions.

(H1) Konect designs can be perceived faster by the human controller than non-Konect

designs.

(H2) Konect designs can be perceived more correctly by the human controller than

non-Konect designs.

Method

A total of 33 participants (12 male, 21 female) in the age group of of 19-47 years with
a mean age of 24.75 years participated in the experiment, which was conducted using
a computer and a test application. For each of the seven designs (five Konect and two
non-Konect), four critical and four non-critical situations were created. This sums up
to 7 x4 x4 = 56 situations.

A pre-test of the experiment was conducted with three participants. It was found that
three blocks are optimal because in the first block the mean reaction times were higher
compared to the second and third blocks. It can be explained with a learning effect.
In the second and third blocks, the mean reaction times were equal, which led to the
assumption that further learning is unlikely to affect the results. In each of the three
experimental blocks, the 56 alternatives have been presented randomly, leading to an
overall number of trials of 168 per participant. The presentation of the designs had
been randomized to avoid any carry-over effects from previous conditions that could
affect the overall results of the study. To cancel out any individual differences regarding
RT and correctness of perception, a within-subjects design was chosen so that all the
participants were assigned to all conditions. On average, it took the participants about

15 minutes to complete the experiment.
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Procedure

After being welcomed, each participant answered a pre-test questionnaire capturing
statistical information. After that, they were introduced to the platooning scenario and
watched a demonstration video. Thereafter, each of the seven (non-Konect and Konect)
designs was presented and explained in detail, showing standard values, critical speed,
and critical distance values for each design. The participants were asked to explain
how each design reflected the given status (e.g. speed too high, distance too low)
to support their understanding of the designs. If no questions were open, a reduced
version of the test application was presented where each participant performed two
reduced blocks of testing to get used to the procedure as well as to minimize the
impact of the learning effects on the test results. The actual test was then performed
in absence of the experimenter to minimize any distraction and possible pressure. After
that, each participant answered a post-questionnaire, stating their favourite design and
assigning a value between 1 and 6 (according to the German school grade system) to
rate how well they were able to execute their task of detecting anomalous states as fast

as possible.

1. Scenario & Design Explanation

3. Situation Assessment (3 Blocks a 56 Situations)

Ready? Press Enter...

Figure 6.6: Procedure of the user study.

The procedure of each trial is shown in Figure 6.6. The participants pressed the Enter
key when they felt ready for the next trial. Then, a random design was shown presenting
either a critical situation or a non-critical situation. Here they were instructed to
assess as fast as possible whether the presented design shows a critical situation or
not. A second pressing of the Enter key ended the presentation of the design, and the

participants had to mention in a text box whether the design was critical.
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Time [ms] Assessment Failure [%] Subjective Evaluation
Descriptive Statistics Descriptive Statistics Descriptive Statistics
Conventional Konect Conventional Konect Conventional Konect
Minimum 838,83 816,01 Minimum 2,08 0 Minimum 1,5 16
Maximum 5533,92 3863,88 Maximum 35,42 13,33 Maximum 6 4,6
Mean 2122,86 1731,03 Mean 14,59 5,43 Mean 3,56 2,51
SD 951,65 772,31 SD 7,93 3,77 SD 1,12 0,65
CI-95 466,30 378,42 Cl-95 3,88 1,85 Cl-95 0,55 0,32
Median 1915,58 1553,39 Median 14,58 5,00 Median 3,50 2,40
Inferential Statistics Inferential Statistics Inferential Statistics
T-Test p 2,25E-05 T-Test P 5,99E-11 T-Test ] 5,12E-05
Cohen's d d 0,45 Cohen's d d 1,47 Cohen's d d 1,15
Effect size r 0,22 Effect size r 0,59 Effectsize r 0,5

Figure 6.7: Statistics of Time, Assessment Failures and Subjective Evaluation in Truck
Platooning Laboratory Study.

Results

The results are shown in Figure 6.7 and Figure 6.8.

Regarding assessment failures, it can be said that the Konect designs led to mean
assessment failures of 5.43% (SD = 7.93), while the non-Konect designs scored a mean
of 14.59% (SD = 3.77). With p < 0.001 in the T-Test, there was a strong significant
effect. As a significance level, the Fisher criterion was chosen with 0.05. Thus, H2
(the Konect designs can be perceived more correctly by the human controller than the
non-Konect ones) can be accepted. In this regard, a large effect is observable (Cohen’s
d of 1.47 > 0.8, effect size r of 0.59 > 0.5).

With regard to RT, the participants were faster with the Konect designs (average
RT of 2122.86 ms (SD = 951.65)) compared to the non-Konect ones (1731.03 ms
(SD =1772.31)). The T test resulted in p < 0.001. Thus, H1 can be accepted and the
null hypothesis HO can be rejected. However, with Cohen’s d of 0.45 and an effect size

r of 0.22, a small effect was observable here.

In case of the subjective evaluation, the conventional designs led to a mean evalua-
tion grade of 3.56 (SD = 1.12), while the Konect designs resulted in a mean grade of
2.51 (SD = 0.65). In this case, a significant effect was again observable (p < 0.001)
with a large effect size (Cohens d = 1.15,r = 0.5).

The advantage of the laboratory study was that a lot of data could be captured in
a controlled environment. Nevertheless, the laboratory study represents a rather artifi-
cial set-up that excludes the main task (driving) as influencing factor. To include this
factor, a second study took a more realistic set-up into account. It had been conducted
in the driving simulator. The experiment and its results are described in the upcoming

subsection.
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Figure 6.8: Mean Time, Assessment Failures, and Subjective Evaluation in Truck Pla-
tooning Laboratory Study.

6.1.4 Driving Simulator Study

The laboratory study presented in the previous section had the advantage that the re-
sults were measurable under well-controlled conditions and all HMI designs were tested
by each participant. So, individual differences can be compensated. Nevertheless, the
laboratory study conditions differ from the real conditions in the truck, neglecting the
primary driving task, thereby representing quite artificial test conditions. To further
examine if the results are transferable to situations under more realistic conditions, a
driving simulator study was performed. In this study, an ACC failure was simulated
and the participants’ reaction were measured in terms of the distance to the truck in

front after breaking and the amount of accidents.

Hypotheses

The following hypotheses were formulated:

(HO) There is no difference in the number of accidents and the remaining distance to

the truck in front for the non-Konect design compared to the Konect design.

(H1) The Konect design results in a lower amount of accidents compared to the non-

Konect design.

(H2) The Konect design results in a higher remaining distance to the truck in front at

the breaking time compared to the non-Konect design.
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Figure 6.9: Set-up of the driving simulator study.

Figure 6.10: Designs in the driving simulator study.

Method

The experiment was conducted with 23 participants (12 female) in a fixed-based driving
simulator (cf. Figure 6.9). On average, participants were 24 years old (SD = 2.34),
held a driving license for 7 years (SD = 2.2), and drove 8,200 km per year (SD = 6250).
All the participants were recruited from the University of Oldenburg and were paid 15
euros each. Professional truck drivers were invited via postings on bulletin boards in
local transportation companies to take part in the experiment to maximize the signifi-
cance of the results regarding the user group. Unfortunately, no truck drivers could be
recruited. Reasons for this could be long working hours during the day which result
in their lack of interest in participating in laboratory studies in after-work hours or
that drivers are often employed non-stationary and thus are “on the road” for weeks or
even months. Thus, students who are experienced car drivers were recruited. This was
done because the concept of platooning is new both to truck drivers and experienced

car drivers, so it can be assumed that the results are only affected to a small extent.
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Furthermore, as the Konect method addresses human perception in general and does
not focus on a specific user group, experienced car drivers were a favourable choice as
participants.

For the driving simulator study, two HMI designs had been implemented: one Konect
design and one non-Konect design. The HMI designs came from the same designer,
as presented in the previous section (cf. Figure 6.3 were chosen: Design 1 as the
non-Konect design and Design 7 as Konect design). This was done to allow better
comparability of the design variants and exclude the factor that different designers
with different background knowledge made the designs. So, the difference between the
two design variants lies in the different development method. The implemented designs
are shown in Figure 6.10.

In the simulator study, the real situation should map real conditions at the best pos-
sible rate. So, an ACC failure was simulated after a longer driving session. As this
ACC failure could only be simulated once to reflect the best realistic conditions, the
experiment was conducted as a between-subjects experiment. This means that one
group of the participants drove with HMI A, as shown in Figure 6.10, and the other
group with HMI B.

Procedure

After welcoming and being provided with general information, the participants were
introduced to the platooning scenario with a video presentation and verbal explana-
tions. Each participant was informed that their task was to drive the virtual truck
safely with support of the ACC and the HMI to monitor the ACC. The participants
were instructed to obey the traffic laws, to look out for any hazardous situations while
driving, to use the ACC the whole time, and to observe and use the HMI while driving
to their personal extents. They were informed that an overriding of the automation
is possible at any time by braking, which would lead to immediate deactivation of the
system. The participants got the information that the minimal allowed distance to the
front truck was 4 m and that the distance values would generally change during the
experiment. However, they were not allowed to fall below the safety threshold. To get
used to driving in a simulator, every participant performed a test drive, which lasted
about 5 to 10 minutes. None of the participants reported simulator sickness. After

this, every participant performed three driving conditions in the following order:

e Baseline driving without HMI assistance (only vehicle speed and engine rounds

per minute (RPM) were shown), duration approx. 11 minutes
e Part one: Driving with an HMI (either HMI A or B), duration approx. 11 minutes

e Part two: Driving with an HMI (same HMI as in part one), including an ACC

failure at the end of the trial, duration approx. 8 minutes
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Figure 6.11: Order of the events during the simulation.

The beginning of the experiment was designed as follows: In each of the three driving
conditions, the vehicle was placed on the road of a two-lane highway without any
traffic. The lead vehicle was placed approximately 100 m in front of the vehicle and
initially standing still. As soon as the accelerator pedal was engaged, the front truck
also accelerated to the set speed of 85 km/h. The participants were told to accelerate
to approximately 60 km/h, and if they reached this target speed, they pulled a lever
on the left side of the steering wheel to enable the ACC. After this, the foot could
be removed from the accelerator pedal and the vehicle closed the gap to the vehicle in
front to an initial distance of about 11 m. Slowly after beginning the acceleration, some
traffic was added to the road which behaved in a friendly way and did not influence
the driving.

In the simulation, scripted platooning, road, and weather events were included. An
overview of the order of the events is given in Figure 6.11. So, the events can overlap

and exist simultaneously to further make the scenario realistic.

e Plan speed: Common change of the plan speed from 85 km/h to 75 km/h and
back

e Weather: Bad weather conditions occur (heavy rainfall, low daylight)
e Distance: Inter-vehicle gap change from 0.3 s to 0.5 s and back

e Bridge: Heavy side wind on a bridge (wheel actuator mirrors side wind move-

ments)

e ACC fail: The distance to the vehicle in front is decreased without stopping
until the brake is applied

Changes in the planed speed reflect the behaviour of a platooning system where the
individual planned speeds of the vehicles were adjusted remotely so that a platoon can
be established in real traffic. In this way, the vehicles did not have to wait and could

start driving at a planned time. Weather conditions can change in the real world at
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any time and are a reason to alter the current distances in a platoon or the planned
speed. For example, if heavy rain appears, the distances are increased and the speed
can be lowered so that the risk of an accident can be minimized due to an increased
stopping distance. In the “bridge” situation, the vehicle passes a valley on a bridge
where side winds appear so that the driving becomes more lively. At about two-thirds
of the third part, the simulated ACC failure was induced. Beforehand, the participants
were not informed that the ACC would fail. However, some participants asked whether
the system could fail or could be somehow error-prone. In those cases, they got the
answer that as in the real world, any system might fail and that it would be their
responsibility to observe the system’s function and to override the system in any case
of hazard. After the ACC failure, the participants were asked to stop the vehicle on
the shoulder of the road and they were told that the experiment was finished.

Results

In the experiment, it was measured how many meters between the vehicle and the
vehicle in front were left at the time the first sensor value was registered from the brake
pedal. If the participants were not able to break in time and caused an accident, the
value was set to zero. The descriptive statistics and inferential statistics are shown in
Figure 6.12. HMI A (the non-Konect design) resulted in an average distance of 1.21 m
(SD = 1.43) left, while with HMI B (the Konect design) there were 3.45 m (SD = 1.74)
left. The inferential statistics revealed that there was a significant difference of both
conditions (p < 0.001) with a large effect (Cohens d = 1.4, = 0.57). This large effect
can be also seen in Figure 6.13 and in the amount of accidents occurred: With the non-
Konect design, every second participant caused an accident. With the Konect design,
this was reduced to 9.1%. Hence, with Konect, 90.9% of the participants were able to
execute countermeasures in time. Thus, the null-hypothesis HO can be rejected and the

hypotheses H1 and H2 can be accepted.

Meters left when braking [m]

Descriptive Statistics

Minimum 0 0

Maximum 3,67 5,43
Mean 1,21 3,45
SD 1,43 1,74
Cl-95 0,70 0,85
Median 0,35 4,25

Inferential Statistics

T-Test p 0,0027
Cohen's d d 1,41
Effect size r 0,57

Figure 6.12: Driving simulator results: meters left when braking.
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Meters left when braking [m] Accidents [%]

Conventional Konect Conventional Konect

p = 0.008 (<0.05)
large effect (Cohen's d = 1.4, r = 0.57)

Figure 6.13: Driving simulator results: Mean meters left when braking and amount of
accidents.
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6.2 Application of Konect for Vessel Performance Moni-

toring

The truck platooning use case involves a limited amount of information elements (11
elements) and does only include one glyph. Thus, the fourth step (the Design Compo-
sition) of the Konect method played a minor to non-existent role. In a more complex
scenario, this is quite different and the fourth step becomes more important. Hence,
another experiment was conducted using a scenario of higher complexity. This scenario
is situated in the maritime domain and deals with the surveillance of the fuel-efficient
behaviour of a ship. This is called ,,Vessel Performance Monitoring”. The task of
vessel performance monitoring involves 25 information elements to be visualized. In
the following text, the use case is described in detail (Section 6.2.1). This is followed
by a detailed presentation of the study details with regard to the design creation in
workshops (Section 6.2.2) and the evaluation of designs in a laboratory study (Section
6.2.3).

6.2.1 Use Case Description

The air quality in coastal cities is constantly getting worse. In the first quarter of 2017,
the nitrogen oxides limit had been exceeded in the Hamburg harbour every two days
[Kopp, 2017]. This results in a serious threat for the health of locals and other people.
A large proportion of the air pollution is accounted for ships passing nearby the coast
and entering the port: ”Because nearly 70% of ship emissions are estimated to occur
within 400 km of land [Endresen et al., 2003], ships have the potential to contribute
significantly to air quality degradation in coastal areas. In addition, emissions are
also generated while vessels are at berth, given that the main engines are not always
switched off by all types of vessels [Meyer et al., 2008]” [Viana et al., 2014]. While
the latter can be efficiently addressed by providing energy based on a power cable that
connects the vessel to the port’s energy distribution network (as it is also done with
airplanes), the focus of this use case lies in addressing the former by optimizing the
vessel performance monitoring.

Economic vessel navigation is an open issue in the maritime domain. According to
studies published by the European Federation for Transport and Environment, the fuel
consumption of ships actually increased by 10% between 1990 and 2013 [Transport &
Environment, 2017b]. In 2016, the average design efficiency of ships was even worse
compared to 2015 [Transport & Environment, 2017a]. Much of a ships’ emissions arose
close to the coast line and probably affected the air quality negatively [Viana et al.,
2014]. To further identify the causes of fuel consumption of ships, Ando et al. [Ando,
2011] presented a breakdown analysis: A high amount of the consumption is caused
by the ship’s speed profile, the distances, and the trim. To optimize the total energy

consumption and reduce emissions, some ships offer human machine interfaces (HMIs)
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for vessel performance monitoring in order to be able to make right decisions to save
fuel (e.g. use optimal speed, trim etc.).

Currently, such HMIs are difficult to use in critical situations as docking: In berthing
or docking scenarios, information about the distance to the quay wall, the current, the
position of tug boats, or the state of the thrusters is highly important for the task
at hand as this directly affects the safety of the ship. Information on the secondary
task—to save fuel and reduce emissions—has lower priority. Hence, as long as it is
quite difficult for the operator to monitor these values, it will not be used in situations
near land and port. Therefore, the idea was to design an HMI by depicting all relevant
information for fuel-efficient operation that can be monitored with minor efforts while

the operator performs the primary task (e.g. berthing or manoeuvring the ship).

A task analysis for the information determination step of the Konect method was
conducted based on the information of two different data sources: regulatory informa-
tion and an interview with a mariner. For the former, the Resolution MEPC.282(70)
of the Marine Environment Protection Committee (MEPC) of the International Mar-
itime Organization (IMO) was reviewed. Appendix 10 of that document deals with
the development of a ship energy efficiency management plan. In its Section 5, it lists
aspects that should be considered for fuel-efficient operation. This list was used as a
first list of tasks relevant for fuel-efficient operation. Furthermore, an interview with a
mariner was conducted to further clarify tasks and information elements that are rel-
evant for fuel-efficient operation of vessels. As the use case deals with the monitoring
of fuel-efficiency on board, only those tasks were selected that involve ship personnel
during voyages. This resulted in a hierarchical task tree of 48 tasks for which each leaf
task relates to one source of information. At the topmost level, under the goal of a
fuel-efficient ship operation, three main tasks were identified: (1) Speed Optimization,

(2) Manoeuvring Optimization and (3) Trim and Draft Optimization.

Speed Optimization: To save fuel during voyage, the speed, acceleration, and brak-
ing should be considered. Each ship has an optimal speed at which the fuel consumption
is minimal. To estimate if the ship is driving at optimal speed, the actual speed must
be known and compared to the optimal speed. Furthermore, the ship should reach the
harbour at the right time for unloading cargo to avoid waiting time or problems with
the place to berth. This is often called “just in time speed”. This speed has also to be
considered and should be compared with the actual speed. Finally, the acceleration is
important for saving fuel. A more smooth and constant acceleration reduces fuel con-
sumption. This can be seen with the acceleration trend and the shaft rpm trend—an
indicator of the rotation speed of the propeller.

Maneuvering Optimization: Aspects influencing the manoeuvring can also lead to
higher fuel consumption—e.g. headwind or high waves can lead to a higher resistance

and thus to higher fuel consumption. Thus, the relative wind direction and speed, as
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well as relative wave direction and speed, is relevant. Furthermore, the manoeuvring
should be quite smooth to avoid high fuel consumption (similar to acceleration trend).
Thus, the rudder angle trend is important and the autopilot state, as the autopilot can
ensure smooth adaptation of the ships heading in accordance with a set course.

Draft and Trim Optimization: This includes the monitoring of trim (horizontal
position of the ship), draft (the part of the ship below water), and the depth under
keel (distance of the ship to the ground). For this, it should be noted that there exists
an optimal trim and an optimal draft for each ship for having a minimal possible fuel
consumption. This differs from ship to ship. The depth under the keel becomes im-
portant at a certain value at which the low depth can increase fuel consumption. So,
sometimes the information that the depth under the keel is above or below this value

is more important than the actual depth under the keel.

The information elements were systematically inserted into Konect idea boxes for three
different glyphs—a speed optimization glyph, a manoeuvring optimization glyph, and
a draft and trim optimization glyph.

6.2.2 Workshop 2

The creation of designs was done in different workshops—each composed of two partic-
ipants. The workshops delivered the input designs for the subsequent laboratory study
and tested the applicability of the Konect method.

Research Question

The following questions were of interest:

e How does the designs look like after Step 3 of the Konect procedure and how does
the visual appearance change after Step 4 (Q1)?

e Do workshop participants have problems applying Konect(Q2)?

The focus of the study is on the visual appearance after Step 4 as the overall
structuring of the design was already evaluated in previous work (e.g. [Burns & Ha-
jdukiewicz, 2013]) as this strongly depends on the state of the art of available HF
methods (EID, TA).

Method

Six workshops were organized, each of them with two human factors engineers, HMI
designers, or industrial designers who collaboratively applied Step 3 (Glyph Sketching)
of the Konect method. This was followed by the application of Step 4 of Konect
(Design Composition). Groups of two experts were chosen to ease the observation

of the discussion of the experts to get further insights into the reasons for choosing
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visual forms, the overall HMI design, and their way of working with the method and if

problems occur (to answer Q2). Each workshop lasted about 3 hours.

Procedure

Within the workshop, the following procedure was applied:

As starting point, the designers read a textual description of the Konect method and
the use case. Textual descriptions were used to avoid the differences between the infor-
mation that the different experts obtained in the workshops and to control the effect
of a potential bias caused by stating the instructions. Because of the limited amount
of time and the complexity of the use case, the task analysis step and the creation of
the idea box was excluded. Thus, the experts received already filled idea boxes and
were asked to focus on the third step of the Konect method—the glyph sketching. In
this part, each pair of experts created a design solution for the maritime use case. On
average, the designers required around 2 hours to create the design based on Step 3 of
the Konect method.

In the second part of the workshop, the experts received a second sheet of instruc-
tions with the description of Step 4, as specified in Section 5.2.4. They were asked
to refine their designs according to this step. The experts needed around 1 hour to

implement the guidelines to their designs.

Results

An exemplary sketch created in the workshops is shown in Figure 6.14. The sketches
of all the participants were transferred to digital versions: The designs after Step 3 are
shown in Figure 6.15. These designs changed to the designs shown in Figure 6.16 after
the application of Step 4. During the application of the method, no problems occurred
and the participants stated that the method was easy to apply.

6.2.3 Laboratory User Study 2

With the designs resulted from the workshop, a laboratory study was conducted in
front of the computer to estimate the effect of the guidelines and Step 4.
Hypotheses

The following hypotheses were formulated:

(HO) There is no difference in RT and correctness of perceiving the situation between

Konect designs after Step 3 compared to Konect designs after Step 4.

(H1) Konect designs after Step 4 can be perceived faster by the human controller than
Konect designs after Step 3.
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Figure 6.14: Exemplary extract of sketch created in workshop.

Draft&Trim

Figure 6.15: HMI Designs created in the workshops.

(H2) Konect designs after Step 4 can be perceived more correctly by the human con-

troller than Konect designs after Step 3.

Method

Participants were recruited via a notice on the electronic bulletin board of the univer-
sity. The study included 18 participants (14 women) whose ages ranged from 20 to 29

years (mean =24.5, SD =2.7). The participants received a reward of 15 euros.

Like the truck platooning laboratory study, a within-subjects design was chosen for
the experiment. This was done to cancel out individual differences, especially with

regard to individual reaction times. Thus, each participant worked with each design
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Figure 6.16: HMI Designs after application of guidelines.

(as shown in Figure 6.15 and 6.16). The exact procedure is described in the upcoming

section.

Procedure

The procedure of the laboratory study is visualized in Figure 6.17. At first, the partic-
ipants were given a description of all designs which they read carefully. After this, the
participants were shown a series of figures. Each figure showed one of the 12 designs
(6 initial designs + 6 guideline designs) in one of five different situations that are ei-
ther critical or non-critical (S1: non-critical; S2: critical ship speed; S3: critical trim
state; S4: critical (low) depth under keel; S5: critical wind condition). The task of
the participants was to estimate as fast and accurately as possible whether the shown
situation was critical or not. After pressing a key, the image disappeared immediately
and the participants had to type their response. The correctness of the response and

the reaction time between showing the image and hitting the key was measured.

The sequence of designs and situations was randomized. However, to avoid having
the initial design and the guideline design of the same design concept (e.g. D1 and
G-D1) in one sequence, the experiment was divided into two blocks (A and B) for each
participant. Block A contained three initial designs and three guideline designs from
different design concepts (e.g., D1, D2, G-D3, G-D4, D5, G-D6). Block B contained the
six remaining designs (e.g. G-D1, G-D2, D3, D4, G-D5, D6). To eliminate the order
effects, designs were randomly assigned to the blocks and balanced across participants.
For each design, each of the four critical situations (S2-S5) were shown once and the
non-critical situation (S1) twice. This was repeated three times, resulting in a sequence

of 6 x (4+2) x 3 = 108 stimuli shown in each block. To eliminate training effects, the
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Ready? Press Enter... susaion e o) |
T

Figure 6.17: Procedure for the Vessel Performance Monitoring Laboratory Study.

blocks were iterated two times with pauses between them: A - B - A - B. Only data

from the second iteration of Blocks A and B was analysed.

After the whole study, the participants were asked to assign a grade (1 to 6 based
on the German school grade system) to the different designs to state how well they

were able to execute their task.

Results
Time [ms] Assessment Failure [%] Subjective Evaluation
Descriptive Statistics Descriptive Statistics Descriptive Statistics
after S3 after S4 after S3 after S4 after S3 after S4

Minimum 663,41 600,91 Minimum 0,93 0 Minimum 1,5 1,33
Maximum 1618,5 1374,08 Maximum 26,85 9,26 Maximum 2,83 2,83
Mean 1214,53 1041,52 Mean 7,72 3,09 Mean 2,23 1,97
sSD 222,15 174,47 SD 6,24 2,73 SD 0,41 0,43
Cl-95 108,85 85,49 Cl-95 3,06 1,34 Cl-95 0,20 0,21
Median 1220,82 1079,83 Median 7,41 2,78 Median 2,33 1,92

Inferential Statistics Inferential Statistics Inferential Statistics
T-Test p 3,64E-08 T-Test p 0,00059 T-Test p 0,021
Cohen's d d 0,87 Cohen'sd d 0,96 Cohen'sd d 0,63
Effect size r 0,4 Effectsize r 0,43 Effect size r 0,3

Figure 6.18: Statistics of Time, Assessment Failures, and Subjective Evaluation in
VPM Laboratory Study.

The results of the laboratory study are shown in Figure 6.18 as a detailed description
of correctness and reaction time measurements in the form of descriptive and inferen-
tial statistics. After Step 3 of the Konect method application, a mean correctness of
92.28% (SD = 6.24) was reached. The reworked design after the design composition
step (Step 4) reached a mean correctness of 96.91% (SD = 2.73). With p < 0.001, a
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Time [ms] Assessment Failure [%]

1600 16,00

1400 14,00
1200 12,00
1000 10,00
800 8,00
600 6,00
400 4,00
200 2,00
0 0,00

Konect (after $3) Konect (after 54) Konect (after $3) Konect (after 54)

Subjective Evaluation

3,00

2,50
2,00
1,50
1,00
0,50
0,00

Konect (after 53) Konect (after 54)

Figure 6.19: Mean Time, Assessment Failures, and Subjective Evaluation in VPM
Laboratory Study.

significant difference was revealed, showing a medium to large effect regarding Cohen’s
d and effect size r (Cohens d = 0.96,7 = 0.43). Thus, the application of the design
composition step for complex designs was able to reduce assessment failures in mean
by 4.6% (see Figure 6.19).

Regarding the time for perceiving the information, the results also revealed a significant
difference (p < 0.001) with a medium to large effect (Cohens d = 0.87,7 = 0.4). The
designs after Step 3 reached a mean reaction time of 1214.53 ms (SD = 222.15), while
the designs after Step 4 reached a mean reaction time of 1041.52 ms (SD = 174). This

reveals a decrease in the time needed for perceiving the information of 12.4%.

In case of the subjective evaluation, the designs after Step 3 reached a mean grade of
2.23 (SD = 0.41), while the designs after Step 4 had a mean grade of 1.97 (SD = 0.43).
The effect was again significant with p < 0.05. According to Cohen’s d (d = 0.63) and

effect size r (r = 0.3), a medium effect size was observed.

Thus, all in all, the null hypothesis can be rejected and H1 and H2 can be accepted.

6.3 Validation of the Konect Value

In Chapter 5.2.5, the Konect Value K was presented as the numeric indicator for es-
timating the efficiency of a design solution directly at the design time. Having the

measured results for assessment failures and the time needed to perceive a critical sys-
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tem state for different design solutions for vessel performance monitoring (see Figure
6.15 and Figure 6.16) and truck platooning (see Figure 6.3), the calculated Konect
Value K can be compared to these measured values for each design to validate that it

represents a suitable metric.

Hypotheses

The following hypotheses with HO as null hypothesis were formulated:

(HO) The Konect Value does not correlate with the measured values (reaction time,
correctness, subjective evaluation) of Laboratory Study 1 and Laboratory Study
2.

(H1) The Konect Value correlates with the measured reaction time of Laboratory Study
1 and Laboratory Study 2.

(H2) The Konect Value correlates with the measured correctness of Laboratory Study
1 and Laboratory Study 2.

(H3) The Konect Value correlates with subjective evaluation of the designs of Labora-
tory Study 1 and Laboratory Study 2.

Method

To validate this, the Konect value K was calculated for each of the 19 design solutions
presented previously by using the Konect tool. The data used for calculation has been

saved as a .xml file, which can be opened directly with the Konect tool.

Procedure

For each design, the Konect Value K was calculated. Therefore, the information was
inserted into the idea box using the Konect tool. For each piece of information, the
visual efficiency for each chosen visual attribute was calculated and the amount of
violations against design composition guidelines (inconsistencies, visual information
elements that are not relevant to the task and produce clutter, simplicity in color
as well as simplicity in shape) was counted and inserted in the Konect tool support,
as described in Section 5.3. After this, the Pearson’s moment correlation between
the calculated Konect Value K and the measured reaction times and correctness was

calculated.

Results

The resulted Konect Values K are listed in Figure 6.20. Besides the Konect Value K,
the table lists the measured mean times in ms for the different design solutions, the

measured assessment failures in %, and the subjective evaluation of the participants.
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VPM D1
VPM G-D1
VPM D2
VPM G-D2
VPM G3
VPM G-D3
VPM G4
VPM G-D4
VPM D5
VPM G-D5
VPM D6
VPM G-D6
Truck D1
Truck D5
Truck D2
Truck D7
Truck D4
Truck D6
Truck D3

K

0,5
0,17
0,22
0,24

0,1
0,04
0,26
0,13
0,31
0,15

0,5
0,22
0,93
0,83
0,85
0,72
0,42
0,12
0,19

Time [ms] Assessment
Failure [%)]

1613,5 20,1
1113,9 5,9
1114,8 2,8
1132,15 9
1008,35 0
1016,74 1,2
1062,75 4
951,5 1,2
1083,5 12,7
932,6 0,3
1404,3 7
1102,3 1
2348 17
2332 11
1784 12
1693 5
1408 7
1572 2
1439 3

Figure 6.20: Results overview.

Subjective

3,1
2,2
2,6
2,2
1,8
1,6
1,6
1,2
i3
17
2,5
2,9
S8
3,5
3,2
2,6
2,5
12
2

To clarify in how far a correlation between the Konect Value K and the measured values

exist, the Pearson’s moment correlation was calculated. The resulted r values are shown

in the table in Figure 6.21 and the scatterplots are showing the correlation in Figure

6.22. Here, it can be seen that there exists a high correlation between the calculated

Konect Value K and the time measured (r = 0.88), the subjective evaluation of the

participants (r = 0.84), and the assessment failures (r = 0.71). All correlations are
significant with p < 0.001. Thus, HO can be rejected and H1-H3 can be accepted, and

therefore, the Konect Value K represents a suitable metric for estimating the efficiency

of design sketches early.

Assessment
K Time [ms] Failure [%] Subjective
K 1
Time [ms] 0,8767 1
Assessment Failure [%] 0,7095 0,6363 1
Subjective 0,8448 0,8299 0,6913 1

Figure 6.21: Pearson’s product-moment correlation between measured variables and

Konect Value K.
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Figure 6.22: Scatterplots showing the correlation between Konect Value K and mea-
sured values.



; DI1SCUSSION

In the previous part of the dissertation, challenges and requirements have been de-
scribed (cf. Chapter 3). Based on this, the Konect method was developed as a solution
and outlined in detail in Chapter 5. To evaluate Konect, several experiments in two
different domains (automotive, maritime) were carried out, and the results are shown
in detail in Chapter 6. The upcoming chapter discusses the results achieved in the un-
derlying dissertation and builds the bridge to the previously defined requirements. So,
it is outlined in how far the method fulfil the requirements specified in Chapter 3. For
this purpose, each requirement specified before is addressed in the subsequent sections,
which also discuss to what degree Konect meets these specifications and where exactly

weaknesses exist. The latter topic requires future research.

7.1 Problem-oriented and Industry Independent

The first requirement described in Chapter 3 was R1, stating that Konect should work
i a problem-oriented manner and thus be industry-independent for every design activ-
ty.

During activities for creating the method, special attention was paid to the aspect
that Konect does not use domain-dependent specifications or knowledge as a scien-
tific basis. Instead, the method builds on knowledge about humans—especially human
perception—in general. This results in a domain-independent working principle of
Konect. The scientific basis of Konect has a problem-oriented view as it ensures fast
and accurate perception of critical information. This has also been proven with the
experiments conducted for the evaluation of the method: Once it has been applied in
the automotive domain for a truck platooning use case, while for the second experiment
the method has been applied in the maritime domain for systematically deriving infor-
mation visualizations for a vessel performance monitoring use case. Thus, the operating
principle of Konect is domain- and industry-independent. Instead, Konect works in a
problem-oriented manner as designs support in both cases fast and accurate perception

of critical system states.

125
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7.2 Promotion of Invention and Knowledge

R2 stated that Konect should promote invention and knowledge and thus facilitates
the finding of optimal solutions. This requirement has been further subdivided into the
sub-requirements R2.1 - R2.6. Each of these sub-requirements will be discussed in

the following text.

R2.1 Innovative Graphic Forms

R2.1 specified that Konect should allow the creation of innovative graphic forms. The
workshops conducted for the truck platooning use case and the vessel performance
monitoring use case revealed that the participants came up with quite new ideas for
visualizing information. One example is the circular truck platooning design (see D7 in
Figure 6.3). Compared to the conventional design D1 in Figure 6.3, this design is more
innovative and unconventional; it, at the same time, avoids any single usage of text
for encoding information (this was repeatedly stated by laboratory study participants).
As both designs were created by the same person (once without Konect and once with
Konect), this can be claimed to be a result of the method. During the experiments,
it has also been revealed that the study participants first remarked that the circular
Konect design was too innovative as it represented a quite uncommon visualization in
the automotive domain. But after the execution of the study task (assessing critical
states as fast and accurately as possible), the participants changed their opinions and
stated that they would really like the circular design as it offered a better task support
compared to the conventional design. This aspect also becomes obvious in the exper-
iment outcome as D7 gained better results in subjective evaluation, time for assessing
the situation, and in the correctness level of the assessment (see Figure 7.1).

During the experiments, no design was created which makes extensive usage of the
text. All 19 designs developed by the workshop participants showed innovative graphic
forms and made extensive usage of visualizations for encoding information. Thus, it
can be claimed that R2.1 is fulfilled by Konect.

R2.2 Fostering of Creativity

The fostering of creativity, as stated in requirement R2 (Konect should promote inven-
tion and knowledge, and thus, facilitate the finding of optimal solutions.) was minded
during the creation phase of the method in the form of the idea box. So, Konect
borrows concepts fostering creativity from well-established research coming from this
domain.

The application of the idea box was again tested in the workshops conducted for the
experiments in the truck platooning scenario and the vessel performance monitoring use
case. The workshops revealed that by opening up of the design space in a systematic

way, the creativity of the workshop participants was fostered. The participants verbally
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Figure 7.1: Comparison of designs made by the same designer with conventional method
(user-centred design) and with Konect.

remarked that the method really helped in finding innovative solutions as it opens up
a design space that can be searched systematically. In the truck platooning workshop,
the subsequent questionnaire revealed that the designers had the impression that they
could produce ideas faster (cf. section 6.1.2). This could also be observed during the
workshop sessions: Even though most participants were not familiar with the presented
use cases, all of them could derive efficient HMI concepts in just two hours for the con-
sidered task. Even though all design sketches were produced in a short period of time,
most led to very good results for the measured time and correctness in the consecutive
user study (cf. Section 6.1.3 and 6.2.3).

At the beginning of the workshops, the participants were asked to estimate their cre-
ativity on a 5-point Likert scale ranging from 1 (not creative) to 5 (totally creative).
Even though no participant estimated him or herself as being not creative (1), all other
values from 2 to 5 appeared (mean estimated creativity = 3.8 (SD = 1.13)). To assess

to what extent the creativity influenced the quality of the design outcome beyond the
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K Time Correctness  Time/Correctness Subjective
Ratio Evaluation
Creativity 0,2237 0,2245 0,304 0,268 0,0524
(p=0,2263) (p=0,2248) (p=0,097) (p=0,1451) (p=0,7794)
. . 0,278 0,052 0,19 0,098 0,335
HMI Deslgn Bxpertise. (,-013) (p=0,783) (p=0,3) (p=0,6) (p=0,065)

Figure 7.2: Correlation between the stated creativity and HMI design expertise to
Konect Value K and measured variables in the experiment (time, correctness, and
subjective evaluation).

instruction of the Konect method, the correlation between the creativity of the designer
and the resulted outcome (time, correctness, and subjective evaluation) was calculated.
The results are given in Figure 7.2. For all cases, there exist only a minimal weak cor-
relation and none of these correlations is significant.

Based on the combination of these facts—fast and similar creation time of designs for
all designers (even though the estimated creativity differs) and nearly no correlation
between the estimated creativity and the quality of design solution—it can be assumed

that the design method successfully fosters creativity.

Further experiments might be helpful to especially examine the fostering of creativ-
ity. Since this aspect was not in the focus of the dissertation, no other experiments
were conducted for further analysing this point. It was rather important that new in-
novative forms are fostered and that the application of the method does not ,, block” the
designer in finding design solutions. This aspect did not happen in any case as rather
the opposite case occurred: The designers were encouraged to develop innovative and

creative solutions that are reflected in the different design solutions in Section 6.

R2.3 Optimization of Assessment Time and R2.4 Optimization of As-

sessment Correctness Level

R2.3 specified that Konect should optimize the time needed to perceive a critical state.
This aspect has been studied in the laboratory experiments in the automotive and the
maritime domain. As described in Section 6, designs created with the Konect method
resulted in significant lower times to perceive a critical system state compared to de-

signs that were created with conventional methods.

Requirement R2.4 is quite similar to R2.3 and does address the second optimization
objective of Konect: Konect should optimize the accuracy of perceiving the criticality
of a system state in terms of reducing the amount of overlooked critical information
relevant for estimating the system’s criticality level. Like R2.3, this requirement was
validated in the laboratory study via the measurement of assessment failures. The re-
sults revealed that assessment failures were significantly reduced with designs created

with Konect compared to conventional designs.
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Both results are causal conclusions based on the outcomes of the laboratory studies and
the subsequent statistical evaluation. In such experiments, the validity of the results
must be ensured: ,,Causal conclusions based on the outcomes of experiments are only
possible if alternative explanations—i.e. threats to validity—are made implausible. Al-
ternative explanations result if causal variables, which are not to be studied, influence
the used effect variables or might have such influence. Such unwanted effect variables
are called extraneous variables.” [Krauth, 2000]. In empirical research, this aspect is
often referred to as the internal validity of an experiment. For the design of the study,
great importance was attached to ensuring a high internal validity of the results. For
this reason, the effect of extraneous variables was reduced by applying different tech-
niques for the study of the design:

It can be assumed that there are large individual differences in terms of reaction times.
This might result from variables such as the age of the study participant or the level of
fatigue. To cancel out the effect of different individual reaction times, a within-subjects
design was chosen in case reaction times were measured. The same applies for the mea-
surement of correctness levels. This means that each participant was assigned to each
design condition. Furthermore, the order of designs and situations was randomized.
Otherwise, the order could have had an impact on the results as the same person might
respond differently to later treatments compared to former treatments due to fatigue
or decreasing motivation [Krauth, 2000]. To cancel out this effect, the order was ran-
domized. By this, the effects caused by the differences in ,,age, gender, body weight,
intelligence, educational standard, social class, etc.” were compensated. According
to Krauth, randomization is one of the most important techniques to ensure internal
validity: ,In contrast to all other techniques, a randomization admits to control all
potentially infinitely many known or unknown extraneous variables.” [Krauth, 2000].

Another technique that should be considered during the study design to reduce the ef-
fect of extraneous variables is constancy. To eliminate the effect of surrounding aspects
(e.g. elements in study room that might attract attention, devices used for measure-
ment, material to explain designs, and persons and words used for design explanation),
all of these elements were kept at a constant level (e.g. same room, same furniture,
closed window with curtain in front of it, same explanation material, written explana-
tion, same experimenter). So, a careful study design ensured that high internal validity

exists.

The aspect that there exist no alternative explanation for the study results is fur-
ther emphasized by the fact that there was a high correlation between the Konect
Value K and the measured time and correctness levels (cf. section 6.3). This strongly
indicates that the applied efficiency rankings and rules of the Konect method are the ra-

tional reason behind the times and correctness level for perceiving critical system states.

Regarding a high internal validity, the validity of the subsequent statistical evalua-
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tion should also be considered. In Section 6, the results of the T-Test were presented.
The T-Test is a parametric statistical test that is generally more powerful than the
corresponding non-parametric tests (Mann-Whitney U, Wilcoxon) [Series, 2018, Riepl,
2018]. Non-parametric methods convert raw values to ranks and then analyse these
ranks. Thus, they reduce the amount of information analysed and rather reveal ten-
dencies. On the contrary, parametric tests can prove the existing differences as they
use more information in the data [Riepl, 2018]. But parametric tests have some as-
sumptions (dependent variables should be interval-scaled and data should be normally
distributed). If an assumption is not met, this might lead to false conclusions when ap-
plying the test, even though it is very robust against such violations [Bortz, 1999, Riepl,
2018]. In such cases, it is a discretionary decision if a non-parametric test is applied
instead of the parametric counterpart.

To ensure the validity of the statistical results, the assumptions have been checked.
For this reason, all data was plotted. In most cases, the data nearly results in a nor-
mal distribution (bell-shaped distribution curve). Furthermore, the Shapiro-Wilk test
(statistical test for testing normal distribution) was conducted. In some cases, the
Shapiro-Wilk test indicated that the data is not normal distributed (this evaluation
has to be considered carefully as for sample sizes less than 100, there exists quite a high
risk of a Type II error [false negative| with this test). Nevertheless, to be absolutely
sure that the differences between the Konect and the non-Konect designs are statis-
tically significant, the non-parametric counterpart to the T-Test (Wilcoxon) was also
conducted in these cases. All of them resulted in significant differences and revealed
that Konect designs perform significantly better regarding the time and correctness to
perceive critical system states. Hence, the validity of the statistical evaluation is also

given.

Besides internal validity, the external validity of the experiment has to be taken into
account. External validity ,,asks the question of generalizability” [Campbell & Stanley,
1963]. In this case, it has to be considered that the participants were assigned to con-
ditions that do not resemble the real situation. This has been done to have a controlled
environment that cancels out the effects of confounding or extraneous variables and
ensures a high level of internal validity of the study. In a more realistic set-up, the
context of use is slightly different as the influence of a secondary task exists, which has
to be executed, or other distracting elements as noise, lighting conditions etc. For this
reason, the driving simulator experiment was conducted (see Section 6.1.4) to estimate
the transferability of the results to a more realistic set-up. The results revealed that the
effect remains the same, even though a secondary task or distracting elements exists
in the field of view (cf. Section 6.1.4). In this case, the reduced time and increased
correctness for perceiving a critical state led to a reduction of accidents by 81.8%. This
strongly indicates that the necessity of using efficient visual forms becomes even more

important in case of distracting tasks and other elements.
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R2.5 Fitness to Task

In the requirements section, it has been specified that Konect should tailor the HMI
to the operators tasks (R2.5). This was considered in integrating prior HF methods
as task analysis and ecological interface design in the information determination step
of Konect. Furthermore, the tailoring was considered via the specification of insights
for different information elements. This ensures that chosen visualizations are optimal
with regard to the required kind of information needed for conducting the task at hand
and consider the expressiveness of graphical elements (see section 5.1.3).

In the laboratory studies conducted in the evaluation phase of Konect, the study par-
ticipants were asked how well they were able to execute their task. The results revealed
that designs developed with Konect were evaluated as being significantly better for task
execution performance compared to the designs developed using conventional methods
(cf. 6).

Nevertheless, it has to be said that the focus of the dissertation lies on one specific
task: Fast and accurate perception of critical system states. If it comes to other tasks,
such as a comparison between two temperature values, no perfect statement can be
made. Even though other tasks have been considered in the theoretical framework of
Konect via the insights and expressiveness of graphic forms, the conducted experiment
focused on perceiving and assessing critical states. Thus, further experiments might
be helpful to analyse this aspect in more detail. As other tasks were not in the focus
of the dissertation, no further experiments were conducted to analyse this aspect. But

this might be an interesting point for future work.

7.3 Compatibility with Terms, Methods and Findings of
Other Disciplines

Requirement R3 specified that Konect should be compatible with terms, methods and
findings of other disciplines. This requirement is directly based on the requirements
for a constructive method. In case of Konect, this has been further subdivided into the
sub-requirements R3.1 to R3.3.

R3.1 defined that Konect should represent an extension of existing HF methods or
allow compatibility with them. This requirement was recognized during the creation of
the Konect method. The existent HF methods are applied to the information determi-
nation step of the Konect procedure. For the evaluation part of Konect, a task analysis
was conducted to obtain all the information elements needed in the execution of the
tasks.

R3.2 specified that Konect should consider prior knowledge coming from the data visu-

alization domain and the way of working in this domain. Section 5.1 and 4 showed that
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Konect is extensively based on knowledge coming from the data visualization domain.
It was important that Konect should not only mind the knowledge coming from the
data visualization domain, but also the way of working in this domain. This is nec-
essary to include knowledge coming from this domain and additionally for being able
to later adapt or extent the method based on new findings in this area. This aspect
was recognized with regard to the abstraction level: The Konect method offers help for
choosing visual attributes on the level of color, position, length (e.g. deciding between
color, and length as the visualization option and not on the level of the instantiation
(e.g. red vs. blue)). As this is the abstraction level most works focus on (see section
2), it will be possible to adapt or extend the knowledge base of the Konect method

accordingly.

R3.3 determined that Konect should be compatible to guidelines and standards ez-
istent in the HMI design for safety-critical systems. In this regard, it was important
that requirements coming from the currently existing standards (e.g. NASA-STD-3000
or ISO-9241) can be fulfilled and do not come into conflict with the instructions given
by the Konect method. Based on the literature review, the existing standards are
rather abstract (e.g. giving the hint that a design should offer suitability for the task
[ISO-9241], or that a simple design should be preferred [NASA-STD-3000]), or very
concrete (e.g. that for alert flashes no more than three to five flashes should be used
per second (MIL-STD-1472F) or that red should be always used as the color code for
an alarm [ISA-5.5-1985]). In both cases, the requirements coming from the standards
can be included in Konect: Most of the abstract rules are directly considered in the
theoretical framework of Konect (e.g. simplicity, suitability for the task). In case the
abstract rules do not give any relationship to the monitoring task but rather influence
the interaction design (e.g. suitability for individualization or feedback for interactions),
they can directly be applied as this aspect is excluded in Konect. The concrete ones
are also applicable as part of Konect, since they address the instantiation and can be

easily included in the glyph sketching phase of the method, as described in Section 5.2.3.

In the vessel performance experiment, the designers were asked to fill in a skill and
knowledge matrix (shown in Figure 7.3). All the workshop participants had different
experiences. None of them had a problem in including prior knowledge and expertise
in the process, as no contradiction between this knowledge and the instructions given

in the Konect method exists.

Thus, all in all, it can be stated that the compatibility with terms, methods, and
findings from other disciplines is fulfilled because this aspect was considered in the
development of the method and that nothing has been recognized otherwise during the

workshops.
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Figure 7.3: Prior skills and knowledge of participant workshops.

7.4 Systematic Creation of Designs

Requirement R4 further establishes the strong engineering background of the method.
R4 specified that Konect should not create solutions by chance. The method instead
aims for creating design solutions that are rationally justified. Requirement R4 has
been further subdivided into the requirements R4.1-R4.4.

RA4.1 defined that Konect should work with rational constraints to have a rational
justification for choosing a certain visualization. This was fully considered in the cre-
ation of the method in Section 5. The information shown in the idea box—especially
the efficiency rankings enhanced with the visual efficiency value VE—provide a basis
for rationally choosing and justifying visualizations. These rankings are based on ac-
tual knowledge of human perceptual skills (see section 5 for details), thus fulfilling
the requirement R4.2 that Konects rational constraints should offer compatibility with
perceptual and cognitive skills. The knowledge was incorporated into the theoretical
framework, which was described and reasoned in detail in Section 5. Hence, Require-
ment R4.3 (Konect should provide a theoretical framework for rationally supporting
decision-making for visual forms during the design phase) is covered.

The last sub-requirement was R4.4 stating that Konects theoretical framework should
offer help for synthesizing visual elements appropriately. This requirement was ful-
filled with Step 4 of the Konect procedure (see Section 5.2.4). The more complex the
monitoring task, the more important this step. The truck platooning experiment and
especially the correlation between the Konect Value K and the measured values revealed
that the rational justification mentioned in R4.1-R4.3 is correct. For the validation of
R4.4, the vessel performance experiment is of higher importance as this focuses on the
synthesizing of visual elements for scenarios with a higher level of complexity. The
experiment revealed that after the synthesizing step of the Konect method, the designs
were significantly improved regarding the time needed to perceive a critical state, the
reduction of assessment failures, and the subjective evaluation of task performance pos-
sible with the HMI design solution.

So, all in all, the requirement R4 can be seen as fulfilled and validated.
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7.5 Transferability of Results

Requirement R5 deals with the transferability of design solutions to related tasks.
Therefore, it has been specified that Konects theoretical framework should be based on
the perceptual and cognitive skills of humans in general and thus be domain-independent
(R5.1) and that Konects procedure should work on a partially abstract level that gen-

erates generally valid reusable solution documents (R5.2).

As mentioned previously (cf. Section 7.1), Konect offers a domain- and industry-
independent working principle due to the alignment of Konect scientific knowledge
basis to human perception in general. Thus, Konect is applicable to human operators
in different domains regardless of their expert knowledge or expert skills. This was also
shown by the experiments as they were situated in two different domains. By this, the
requirement R5.1 is fully met.

With regard to R5.2, Konect generates the idea box as the solution document (see sec-
tion 7.8 for details). Owing to the insights column, this artefact works on an abstract
level. The name of the information connected to the insight and the resulting efficiency
ranking is easily exchangeable (especially when working with the edit function of the
Konect tool, as presented in Section 5.3). The efficiency rankings combined with the
given insight is generally valid and can be used in different domains and for different
tasks.

The fulfilment of both requirements (R5.1 [domain-independent theoretical framework
as the scientific basis] and R5.2 [generally valid reusable solution documents on the
partially abstract level]) leads to the aspect that Konect allows easy transferability of

design solutions to all related tasks.

7.6 Teachable and Learnable Characteristic

R6 specified that Konect should be teachable and learnable. This aspect has been vali-

dated in various studies:

In the workshop conducted in the context of the truck platooning use case, no work-
shop participant had problems applying the method and all agreed that Konect was
easy to apply (see Section 6.1.2). The same is valid for the workshop conducted for
the vessel performance monitoring use case: All 12 workshop participants learned the
method quickly via reading a textual manual about the method. The learning process
took about half an hour to complete.

In addition to the workshops described previously, further empirical feasibility tests

were conducted:

The Konect method was taught to master’s students in computer science as part of
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the lecture ,,Inf374 — Einfiihrung in das Cognitive Engineering”. The lecture was fol-
lowed by an accompanying tutorial. In this tutorial, the students had the exercise
to create a design for a simplified air traffic control monitoring task by applying the
Konect method to the Konect tool support. All the participants were able to easily

install the tool and work with the method accordingly. No problems occurred.

Furthermore, the method was applied in the European project ,MeBeSafe” in a work-
shop conducted in Oldenburg for an automotive HMI design that reveals danger (e.g.
an approaching cyclist) at hazardous intersections so that the human driver can adapt
his or her speed and react in time. In the workshop, research associates from Volvo
Cars, FIAT, BMW, Cygnify, TNO (Organization for applied scientific research situated
in the Netherlands), and Virtual Vehicle and ika (Institut fir Kraftfahrzeuge, RWTH
Aachen) participated. All the participants received an introduction to the method and
afterwards split up in subgroups of three persons each. All participants gave positive

feedback and had no problems in applying the Konect method.

Thus, all in all, the teachable and learnable characteristic of the Konect method was
validated and tested in different domains (automotive, maritime, aeronautics) with
people having different backgrounds (master’s students, HMI design and HF experts,
and experienced experts from the economics background (Volvo, FIAT, BMW)).

7.7 Numeric Indicator System

RY7 stated that Konect offers a numeric indicator system for roughly comparing alter-
native solutions and that Konects numeric indicator system should reveal deficiencies
of a design solution (R7.1).

The numeric indicator system of the Konect method (Konect Value K) was described
in detail in Section 5.2.5 and validated in Section 6.3. The high correlation between
the measured values and the calculated Konect Value validates the correctness of the
calculation and the numeric indicator system. This indicator system also reveals the
deficiencies of a design solution quite obviously in the form of the single values V E and
the amount of different violations to the guidelines provided for synthesizing the HMI
(inconsistencies, additional information, simplicity in color, and simplicity in shapes).
So, it is directly revealed where the deficiencies of a design solutions lie. Furthermore,
it is indicated how the design solution can be improved:

This aspect can be clarified by having a deeper look at the results achieved in the exper-
iments conducted in the dissertation: In the vessel performance monitoring workshop,
the results revealed that all designs remained the same or have been approved after Step
4 (see Figure 7.4). Only the design D2 received worse results regarding the measured

time and correctness. When having a deeper look at the Konect idea boxes and the
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numeric indicator system, the problem is directly revealed (see Figure 7.5): The idea
boxes show that the amount of violations were reduced due to the application of guide-
lines. However, the designers totally removed the visual attribute for presenting the
information that actual speed complies with just-in-time speed (with insight perceive if
value is ok (fast)) and for presenting if actual speed complies with planned speed (with
insight perceive if value is ok (fast)). This is indicated by the least efficient V E value
of 1.0 for the values that are both marked as missing. This fact leads to a worse Konect
Value of 0.236 for D2-G compared to 0.22 for D2. Thus, especially regarding the correct
estimation of the actual speed information (compared to just in time speed and optimal
speed), a deterioration has to be expected. This can be approved when having a deeper
look at the detailed reaction time measured for the different critical situations for the
designs (see Figure 7.6). The reaction time for assessing a critical ship’s speed regard-

ing the vessel performance decreased about 200ms for D2-G compared to the design D2.

Based on the results shown in Section 6.3 and the detailed examination of the Konect
value indicates the reason as to why a certain HMI performs better or worse, R7 and

R7.1 can be seen as validated.
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Figure 7.4: Percentual improvement or deterioration of designs before and after step 4
in the vessel performance monitoring experiment.

7.8 Solution Document

The last requirement R8 defined that Konect should lead to a solution document that

s usable as input for a software engineering process.

The Konect procedure, as described in the underlying dissertation, leads to two main
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Figure 7.5: Reason for Deterioration of D2 indicated by Konects numeric indicator
system.

outputs: The idea box, which reveals the rational justification for single information
visualization, and the design mockup, which is the direct output from the visual at-
tribute instantiation in Step 3 and the reworking in Step 4.

As previously mentioned, Konect leads to quite innovative and complex visualizations.
In this context, visualizations cannot be specified as typical widgets available in com-
mon programming languages (e.g. labels, buttons, checkboxes, choiceboxes, textareas
etc.) in most cases. The technology chosen to realize the visual interface might have
certain limitations because not all offer possibilities for total innovative visual forms.
Possible platforms that allow a high degree of freedom in realizing visual HMIs are, for
instance, JavaFX, D3js (based on SVG, CSS and javascript) or qt.

Both outputs (mockup and idea box) allow the systematic implementation of the GUI:
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Figure 7.6: Improvement of detection of different situations.

The mockup provides an overview of how the HMI looks like. In case an adjustment has
to be made due to the technology chosen for realizing the visual interface, the idea box
offers help. In the idea box, it is stated which aspect has to be absolutely considered
during implementation (e.g. the information should be visualized via length and the
mockup shows a bar with rounded corners. In case the technology does not allow a bar
with rounded corners, a bar with sharp corners can also be used as long as a length is
applied to encode the information). With this aspect, the functional validation of the
interface, aside from concrete graphical decisions in detail, is ensured. In addition to
guaranteeing functional validation, the idea box also offers a systematic instrument for
ensuring traceability in a V&V activity, as it reveals the reason why a certain visual
attribute was chosen. In case problems occur (e.g. that some certain critical informa-
tion is often overlooked), the idea box reveals alternative visual attributes and directly
presents it in an efficiency ranking, which happens to be applicable for further reasoning
of a choice for an alternative visual attribute. Therefore, it might be helpful to have a
mapping document linking the visual elements in the mockup to the entries in the idea

box.

In the experiments conducted, the mockups and idea boxes for the truck platoon-

ing use case were used as input for the implementation phase, as two different HMIs
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were implemented in JavaFX for being used in the driving simulator study.
In future, derivative work might be of interest for integrating such solution documents

in the state of the art of currently existing software engineering processes.

7.9 Summary

The overall goal of the dissertation that it should provide a constructive method
that allows a systematic derivation of information visualizations optimized
for fast and accurate perception was achieved. For this reason, several sub-
requirements needed to be fulfilled. The fulfilment of each requirement and the internal
and external validity of experiment results were discussed in detail in the underlying
section. A summary is shown in Figure 7.7. So, the figure shows if the requirement
was fulfilled and the validation level for this fulfilment (ranging from green = validated
over yellow = partly validated to red = not validated). There was no requirement that

had not been validated at all. Some requirements were marked as ,partly validated”:

1*) : The aspect was considered during the creation phase of the method. But as it
was not in the focus of the dissertation, no further experiments were conducted

for validation purposes.

2*) : The validation was fully done for the task that lies in the focus of dissertation;
further experiments might be helpful for analysing totally different tasks (different

tasks were out of scope of dissertation).

3*) : Validation not based on any experiment, but to the best of current knowledge

(literature review).

4%*) : Solution documents can be further tested and further integrated in a subsequent

software development activity.
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Requirement Validation
Level

R1

R2

R2.1

R2.3

R2.4

R3.2

R3.3

R4
R4.1
R4.2

R4.3

R4.4

R5

R5.1

R5.2

R6
R7

R7.1

R8

Konect should work on a problem-oriented manner and thus be industry-independent for every
design activity.

Konect should promote invention and knowledge and thus should facilitate the finding of optimal solutions.

Konect should allow creation of innovative new graphic forms.

Konect should foster creativity of the constructor/designer. 1*)
Konect should optimize the time needed to perceive a critical system state.

Konect should optimize the accuracy of perceiving criticality of a system state in terms of reducing
the amount of overlooked critical information relevant for estimating the systems criticality level.

Konect should tailor the HMI to the operators tasks. 2%)
Konect should be compatible with terms, methods, findings of other disciplines.
Konect should represent an extension of existing HF methods or allow compatibility with them.

Konect should mind prior knowledge coming from the data visualization domain and the way of 3*)
working in this domain (e.q. abstraction level).

Konect should be compatible to guidelines and standards existent in the HMI design for safety- 3*)
critical systems.

Konect should not create solutions by chance.
Konect should work with rational constraints.
Konects rational constraints should offer compatibility with perceptual and cognitive skills.

Konect should provide a theoretical framework for rationally supporting decision making for visual
forms during design phase.

Konects theoretical framework should offer help for synthesizing visual elements appropriately.
Konect should allow easy transferability of design solutions to related tasks.

Konects theoretical framework should be based on perceptual and cognitive skills of humans in
general and thus be domain-independent.

Konects procedure should work on a partially abstract level that creates generally valid, reusable 4*)
solution documents.

Konect should be teachable and learnable.
Konect offers a numeric indicator for roughly comparing alternative solutions.

Konect should lead to a selution document that is usable as input for a software engineering
process.

Konect should lead to a solution document that is usable as input for a software engineering 4%)
process.

Figure 7.7: Overview of requirements and fulfillment.



CONCLUSION AND FUTURE WORK

This dissertation has contributed a constructive method that would allow a systematic
derivation of information visualizations optimized for fast and accurate perception of
critical system states. By this, an existing pain point in the state of the art of designing
human machine interfaces, which serves the monitoring tasks in safety-critical systems,
has been addressed.

The dissertation started by clarifying the motivation, challenges, and the broad objec-
tives of the problem considered in the first chapter. After this first introductory part,
the dissertation provided a deeper analysis of the current problem by presenting the
state of the art and basic principles. Based on this deeper analysis, a concrete spec-
ification of requirements was created, thereby ensuring a systematic object-oriented
way of working to methodically develop a problem solution. Chapter 4 differentiates
the method from related works. Chapter 5 describes the problem solution—in form
of the new Konect method— in detail. Konect provides two core elements to ensure
the systematic derivation of rationally justified visualizations. These are the Konect
theoretical framework (c.f. Chapter 5.1) and the Konect Procedure (c.f. Chapter 5.2).
The Konect theoretical framework establishes the scientific basis for the whole method.
This includes not only scientific knowledge of the procedures (e.g. the working prin-
ciple for deriving HMI designs) and fostering of creativity (to design the procedure
and its artefacts itself), but also knowledge of human perceptual skills (to enhance the
Konect procedure with knowledge that steers the design in such a way that optimal
design solutions can be found). The Konect procedure is based on this knowledge
(as far as it concerns fostering creativity and procedures for designing HMIs in the
safety-critical domain) or directly includes the knowledge in the design activity itself.
This is, for instance, done by opening up the design space via efficiency rankings. The
Konect procedure consists of four steps: Information Determination, Idea Box Spec-
ification, Glyph Sketching, and Design Composition. The two artefacts developed in
the underlying dissertation handle the previously described challenges (C7: How does
an appropriate search space for efficient visual forms look like corresponding to find-
ings of prior scientific works? and C2: How does an engineering procedure for visual
forms for monitoring HMIs in the safety-critical domain look like?). This was further
evaluated in different experiments conducted as part of the dissertation. The empiri-

cal evaluation is described in detail in Chapter 6. In this regard, the Konect method

141
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was applied to two different domains— the automotive domain (truck platooning use
case) and the maritime domain (vessel performance monitoring use case). A total of
45 different persons applied and tested the Konect method in different circumstances
(17 experts in HF and HMI designs under laboratory conditions, 18 master students
in computer science in a lecture, and 10 professional industry partners in a workshop
for the European project MeBeSafe). The upcoming designs were measured and em-
pirically evaluated in different studies. So, a total of 74 different study participants
tested the resulting designs (33 under laboratory conditions in the truck platooning
use case, 23 in a more realistic set-up in the driving simulator, and 18 under laboratory
conditions in the vessel performance monitoring study). The results revealed that the
application of Konect leads to designs that were significantly faster and more correctly
perceivable compared to conventional designs or designs that do not apply the whole
range of Konect’s guidance.

The study results as well as the fulfilment of previously stated requirements in Chapter
3 were discussed in detail in Chapter 7. This revealed that the Konect method meets all
requirements demanded for a constructive engineering method (c.f. Section 3). Thus,
it can be summarized that the Konect method developed in the underlying disserta-
tion provides an engineering approach for systematically derived rationally justified
information visualizations in any HMI design activity in the safety-critical domain (for

optimizing fast and accurate perception of critical system states).

8.1 Future Work

In the dissertation, it was shown that the Konect method optimizes the reaction time
and reduces assessment failures for assessing critical system states in monitoring tasks

via efficient visualization. Further aspects might be interesting for future work:

e The optimization currently focuses on fast and accurate perception of critical
system states to increase safety in monitoring tasks. But there exist also other
optimization objectives that might be interesting—e.g. increasing the intuitive
understanding of visual forms to diminish the learning curve or that the vi-
sualization is graphically appealing. For the latter, the gestalt laws already
offer a basic direction in the current version of Konect. In future investigations
more can be included in the instantiation of visual attributes in Step 3 (Glyph

Sketching) of the Konect procedure.

e The Konect method focuses on visual displays involved in the monitoring task. In
control rooms, it is often important to include more media (e.g. sound, haptics)
for the overall design, especially to support better multi-tasking (c.f. [Wickens,
2002]). Furthermore, Konect focuses on monitoring and does not include in-
teraction. To involve knowledge of interaction with the system—e.g. to take

countermeasures in time—might also be interesting to further optimize systems.
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e Regarding the overall design (structure) of the control room, the Konect method
strongly builds on the current state of the art (EID, TA). In future research, it
might also be interesting to investigate the distribution of information to different

human operators monitoring the system concurrently.
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(GLOSSARY

control room aroom from which a system (often containing a high amount of physical

equipment) can be monitored and controlled.

design describes the activity of creating an HMI (including HMI conceptualisation as

well as graphical appearance).

development the activity of creating the HMI including the design, but also the

technical implementation.

ecological interface design (EID) a framework developed by Kim Vicente and Jens
Rasmussen to design an HMI from a work-domain oriented perspective. HMIs
are optimized for detection of problems and support problem-solving capabilities

of the operator.

global design the overall HMI design consisting of overall structure (e.g. position of

graphical forms), display hierarchy.
glyph several visual attributes integrated into one graphical form.

HMI Human Machine Interface; in the dissertation the term HMI only refers to the
visual display. Further components as physical interaction elements (e.g. buttons,

switches) are not included.

information data that contains valuable meaning for the task at hand (e.g. speed,

temperature of a certain equipment).

insight is ,,an instance of apprehending the true nature of a thing, especially through

71 In connection with the Konect method, insight defines

intuitive understanding
what the human operator should intuitively apprehend when looking at the visual
form e.g. quantitative value of an information, certainty of an information or to

which category or mode the information belongs.

method allows a systematic procedure enhanced with knowledge for achieving sev-
eral objectives; in the underlying dissertation the Konect method consists of the
Konect procedure (defining steps and order of this steps) and the Konect theo-

retical framework (that establishes the knowledge base).

"https://www.dictionary.com/
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operator the personnel sitting in front of the display and that is responsible for the

monitoring task; user of the HMI.
procedure specifies several steps or actions performed in a particular order.

phase ,any distinct or characteristic period or stage in a sequence of events or chain

of development”’2.

task an identifiable and essential action of the whole work of the human operator .

task analysis (TA) the task analysis is used to analyse the whole work the human

operator conducts and break this work into smaller pieces of actions (tasks).

theoretical framework consists of concepts and offers a structure to show key con-
cepts minded and the connections established between different well-accepted
theories. The theoretical framework is strongly based on current literature and
provides the scientific basis for the method presented in the dissertation. This
theoretical framework ensures that chosen visualizations are rationally justified
and the designer works towards an optimal design solution with regard to time
needed to perceive the criticality level of a system and concerning reduction of

assessment failures for such states.

visual attribute in literature sometimes called visual variable; describing entities of

visualizations e.g. color, shape, length.

visual or graphical forms instance of one or more visual attributes e.g. a red dot,

a bar or filled square.

visual efficiency means a graphical form can be perceived better or worse with re-
gard to certain performance indicators (e.g. in the underlying dissertation the
performance indicators are time and correctness): ,, Unlike expressiveness, which
only depends on the syntax and semantics of the graphical language, effectiveness

also depends on the capabilities of the perceiver” [Mackinlay, 1986].

visual expressiveness means that a graphical form exactly encodes the information
needed by the operator and does not allow less or more (e.g. missing information

or misinterpretations).

Zhttps:/ /www.dictionary.com/
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