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Introduction

Chapter 1 Introduction

1.1 Submarines in the United Kingdom and beyond

As an island nation, the United Kingdom (UK) has a proud history of seafaring. It has traded,
travelled, and defended on the seas for centuries, and this shows no signs of abating as the world
continues to become more globalised. An integral part of the UK’s naval capability is the Royal Navy
(RN), operating globally to project and protect the values that the UK strives for. The RN website
identifies six main objectives that form their operational remit: maintaining international
partnerships, preventing conflicts, protecting the economy, providing security at sea, providing
humanitarian assistance, and maintaining fighting readiness (Royal Navy, 2019). These objectives
are wide-ranging and are not constrained to defence activities, but are a spectrum that directly

contributes to society, freedom, prosperity, and security, both in the UK and worldwide.

The submarine service is a key aspect of the RN; the advent of submarines offered new capabilities,
which could also be used to complement surface fleet activities. For example, they could escort
ships during a humanitarian aid mission to ensure their safe arrival. However, they are most often
used where secrecy is tantamount due to their clandestine nature, such as intelligence gathering in
non-sovereign waters or maintaining the Continuous at Sea Deterrent (CASD; the UK’s nuclear
deterrent). This need for secrecy limits the amount of information known about their missions, but
the ‘Silent Service’ appellation speaks volumes; whilst always silent, it continuously stands at the

service of the nation and its citizens.

The work for this research was conducted in the UK, and as such there is a heavy RN focus. However,
there are other navies with submarines, each demonstrating the same operational commitment,
that this research could be utilised by. The work has broader global applicability arising from
commonalities between allied navies, and the use of abstracted generic processes and interfaces.
For the former, research, technology, and training are shared in partnerships between allied navies,
such as the United States Navy (USN; Royal Navy, 2020;2022;2023b) or the Royal Australian Navy
(RAN; Ministry of Defence, 2022; Royal Australian Navy, 2023; Royal Navy, 2023a). This means that
any outcome from this research is likely to be refined, adapted, and shared where appropriate
across one of the many partnerships. Furthermore, existing commonalities, such as their layout and
ways of working means that this research could be applied outside of these partnerships, and across
other navies that exhibit the same baselines. For the latter, this research was designed to be

unclassified and generalisable, irrespective of the specifics of a given navy. Consequently, the work
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1.7 Thesis Overview

1.7.1 Aims and Objectives

This thesis aimed to demonstrate whether EID is suitable for future submarine control room Sonar
and TMA HMlIs. RN submarines are vastly capable, although this does not mean they cannot be
improved upon (Stanton, 2014). Future requirements may require control rooms to depart from
contemporary operations to ensure continued efficacy. This includes the HMlIs, which serve as a
vital interface between highly trained operators and sophisticated technology; should this interface
be compromised, adverse situations can occur. This research concentrates on the hypothesis that
EID is a suitable design paradigm for ensuring control HMls continue to be suitable for purpose and
evaluation of the designs created to assess this. To achieve the overall aim, this thesis has the

following objectives:

1.7.1.1 Objective 1: Creating a detailed understanding of Sonar and TMA operation

An understanding of Sonar and TMA was required to ensure feature-completeness of the new
designs and understand design directions. This was achieved in two ways: a comprehensive
literature review to understand control room operation (descriptive analysis), and the completion
of Sonar and TMA CWAs (formative analysis). By reviewing the literature, a base understanding of
how the submarine control room was established, creating a context for the operation of Sonar and
TMA, as well as their operation. This enabled more in-depth CWAs to be conducted, as a base level
of understanding of system operation was present. The CWA outputs were used to create an EID
and address a gap in the literature where there is a paucity of publicly available information on how
submarine Sonar and TMA operate. By filling this gap, other system designers could use the outputs
to facilitate their understanding of Sonar and TMA operation or adapt the analyses to their specific
systems. Finally, the CWAs were also used to verify the compatibility of the simulator used for the

experiments with a high-fidelity simulator, establishing that the simulator used was appropriate.

1.7.1.2 Objective 2: Creating a documented analysis and design process, oriented towards

software engineering

There was a requirement to document the analysis process followed to create the EID HMIs. While
there is literature that explores this, it largely does not do so with an appreciation of software
engineering, an eventual requirement if EID is to move from designs and prototypes to full-blown
implementations. Given that a core aim of EID research is to propose systems that will eventually
be implemented, it was pertinent to explore how CWA and EID could be more robustly linked to

software engineering practices to ensure optimal implementation. This process is vital to any
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the connections between the twenty categories and transition the results from being a checklist to
a connection-driven taxonomy that could be used for future systems analyses by enabling the
discovery of related connections. Consequently, this chapter found that it was possible to
categorise constraints in the EID literature and link these as part of a taxonomy that can be used

for systems analysis.

Chapter 4 How submarine control rooms operate, and the Case for Ecological Interface Design

This chapter presents a comprehensive overview of submarine control room operation, including
both the operators and technology that form the sociotechnical system. Building on this
understanding, a case is presented for using EID to address HMI shortcomings in submarine control
rooms, based on the theory presented in Chapter 2. The case is comprised of the hypothesised
benefits of EID itself, in addition to recognising the synergy between the method and command
team operation. The submarine command team works to understand their operational
environment, what limits it imposes, and how it can be leveraged; parallels can be drawn between
these aims and the core goals of EID. The chapter provides context to the submarine control room,
command team, Sonar, and TMA operation to illustrate these core points, imbuing an

understanding for readers, and making the research contained within this thesis more accessible.

Chapter 5 Cognitive Work Analysis of Sonar and Chapter 6 Cognitive Work Analysis of Target

Motion Analysis

These chapters present the CWA outputs conducted for the ComTET versions of Sonar and Target
Motion Analysis, complimenting the research from Chapter 4. Two stages of Cognitive Work
Analysis were performed, Work Domain Analysis and Worker Competencies Analysis. The first part
of this chapter presents the method used to conduct the CWA for both, and how the traditional
approach to WDA was modified to incorporate items in the interfaces at the Physical Objects level,
a change arising from observing that the interfaces made use of representations of real-world
Physical Objects that would traditionally be expected. The approach is proposed as a mechanism
to manage the initial analyses of complex work domains, creating a sufficient, yet not inappropriate,
scope and level of abstraction from advanced underpinning concepts (e.g., sound propagation,

sensors, and algorithms).

The operation of both roles is detailed at each level of the Abstraction Hierarchy, before
concentrating on a key component of each interface where improvements were likely to be made,
known as a leverage point (Read et al., 2018). For Sonar, this was the waterfalls, which display sonar
data in a rectangular area on-screen, and are a pervasive representation of data in Sonar interfaces.

They are named as such because new data appears at the top and pushes other data down, giving
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interfaces. Low- and high- difficulty scenarios were used to vary participant workload. It was
discovered that there were statistically significant differences in subjective workload, measured
using the System Usability Scale and NASA Task Load Index, in favour of GIST. Significant
improvements were also found in the objective performance of operators in favour of GIST, with
tasks being completed with a higher degree of accuracy. This was especially important for the
solution accuracy task, where participants placed markers where they believed entities were, as it
can directly affect submarine safety. However, usability scores showed that there was room for
improvement in future iterations. Overall, this chapter proved that implementing EID for Sonar and

TMA can be beneficial over contemporary designs.

Chapter 10 Comparing Graphically Integrated Sonar and Target Motion Analysis to a User-

Centred Design

The experiment in Chapter 9 also included a Mashup display that was created using a User-Centred
Design approach, to evaluate the performance of GIST as an EID against. The experiments were
combined due to restrictions of the Coronavirus-19 pandemic. It was discovered that the Mashup
display was rated better for usability, although this was not significant. Task performance was
equally split between both of the interfaces, with each being rated as significantly better than the
other for one task. This provided insights into how the design of each one could have affected this,
specifically regarding their focus on either the operator or the operator’s environment. Finally, the
Mashup was shown to have significantly improved subjective workload, which is discussed to posit
why this was, as EID has been shown to have better subjective workload than User-Centred Design

in other literature.

Chapter 11 Conclusions

This final chapter details how the objectives detailed in Section 1.7.1 have been met by providing a
summary of work relevant to each and describes how the contributions to literature were made. It
then presents key points on the evaluation of this research project as a whole, and ideas for future

work, before the concluding remarks.
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Chapter 2 Theoretical Underpinnings

2.1 Introduction

Chapter 1 introduced the case for Ecological Interface Design (EID) being applied to Sonar and
Target Motion Analysis (TMA) as the central thread of this thesis. This chapter is to familiarize the
reader with the required theory for EID, ahead of future chapters which will build on this
foundation. It starts with an overview of the Skills, Rules, and Knowledge (SRK) Taxonomy and
Cognitive Work Analysis (CWA) as underlying theory, before introducing the theory of Ecological
Interface Design (EID) and how it utilises the SRK Taxonomy and CWA. The case for using EID over

User Centred Design, which differs from EID as it focuses on user tasks, is also presented.

The impetus for exploring EID arises from the challenges of modern sociotechnical systems, which
are rapidly becoming more complex as the capability of technology continues to evolve. Across
multiple domains, vast amounts of data can be collected and processed in real-time, a feat that
would simply not be possible for humans alone. However, humans are still a vital aspect of these
systems, as they can provide adaptability and creativity, enhancing the system as a whole (Borst,
Flach and Ellerbroek, 2015). Whilst technology can automate routine aspects, humans are still
required to act as knowledge workers, or to respond to non-routine and unanticipated situations
(Vicente, 2002). This dyad is largely successful, with complex sociotechnical systems operating as
expected most of the time, such as rail operating centres, air traffic control, nuclear power plant
control rooms, or submarine control rooms. However, as their capability grows, so does their effect
on society. For example, power plants can generate power for larger areas, and transport control
rooms can control larger areas of traffic. Due to this growing impact on society, it is imperative that
these systems are designed in the best possible way to ensure continuous successful operation. It
is inevitable that mistakes or unanticipated situations will occur during operation, and the system
should support operators in their successful handling. This is particularly vital, as whilst most can
be recovered from successfully, such as an operator misspeaking or entering incorrect data, not

recovering could lead to catastrophic outcomes.

A vital aspect of effective system design to address this issue is creating appropriate Human-
Machine Interfaces (HMls) for operators to use (Stanton et al., 2017a). To address this in complex
sociotechnical systems, EID was proposed by Vicente and Rasmussen (1992). It aims to optimise the
design of HMIs to reduce operator workload and support operator cognition at multiple,
appropriate, levels, by making the constraints and affordances of a work domain apparent (Van

Dam, Mulder and van Paassen, 2008). It has been applied in multiple domains, such as aviation,
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medicine, and power generation (Vicente, 2002; Mcllroy and Stanton, 2015b). The benefits of EID
include improved performance compared to traditional (non-EID) systems (Vicente, 2002),
increased work domain transparency (Van Dam, Mulder and van Paassen, 2008), reduced workload

(Nielsen, Goodrich and Ricks, 2007), and reduced memory requirements (Lau and Jamieson, 2006).

2.2 Skills, Rules, Knowledge (SRK) Taxonomy

To understand how these benefits are achieved, it is important to first understand the levels of
control that users could employ when interacting with a system and the demands involved. The
Skills, Rules, and Knowledge (SRK) Taxonomy (Rasmussen, 1983; Rasmussen and Vicente, 1989)
classifies behaviour into three basic types and describes cognitive behaviour for the completion of
tasks (Drivalou and Marmaras, 2009). These levels interact, as tasks rarely belong to only one class
of behaviour (Stanton et al., 2017a, p. 40). For example, novices may use Knowledge-Based
Behaviour (see Section 2.2.3) for novel tasks, gradually shifting to Rule-Based Behaviour (see
Section 2.2.1). Multiple levels of cognitive control can be active at once, and thus there are
significant interactions between levels (Rasmussen, 1983; Naikar, 2013). Rasmussen (1983) further
notes that levels are not alternatives to each other; rather, they are processing responses to
different information categories present in the environment. Additionally, it describes how
information at each level is perceived, in the form of signals, signs, and symbols (Rasmussen, 1983;
Vicente and Rasmussen, 1992). It is not designed to be a single quantitative model of human
performance, but rather an overall qualitative model to match categories of performance to
situation types (Rasmussen, 1983). The three taxa, descriptions of associated behaviour, and
associated information perception method are explained in the following sections (Rasmussen,
1983; Kilgore and St-Cyr, 2006; Naikar, 2013). The SRK Taxonomy is represented in Figure 1, showing
a simplified view of each taxon and their interrelation. It illustrates the explanation above of how
the perception of signals, signs, and symbols trigger a response at the corresponding behavioural

level.

2.2.1 Skill-Based Behaviour (SBB)

Automated and integrated actions involving little to no conscious attention, coupled with the
environment as a perception-action loop. This level of control is indicative of an expert performer
utilising tacit knowledge. Information for this level of control is perceived as time-space signals,

which are continuous and quantitative representations of time-space patterns.
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constraints can influence all aspects of sociotechnical systems, including design, training, and

operation.

This importance of constraints, both to EID and the safe operation of complex sociotechnical
systems in general, is not lost on human factors practitioners. There is a plethora of literature
mentioning constraints in the EID corpus, covering the underpinning theory (e.g., Rasmussen and
Vicente, 1990; Vicente and Rasmussen, 1992; Burns and Hajdukiewicz, 2004), domain-specific
applications (e.g., Hall and Miller, 2009; Ellerbroek et al., 2013b), reviews of its application (e.g.,
Vicente, 2002; Borst, Flach and Ellerbroek, 2015; Mcllroy and Stanton, 2015b; Bennett and Flach,
2019), or literature that seeks to assist practitioners with elicitation of constraints during systems
analysis (e.g., Rasmussen, Pejtersen and Goodstein, 1994; Naikar, Hopcroft and Moylan, 2005).
Furthermore, the key underpinning analysis method, Cognitive Work Analysis (CWA), is focused on

formulating an understanding of work domain constraints, as was covered in Section 2.2.

This literature, combined with a track record of successful applications (Vicente, 2002; Bennett and
Flach, 2019), establishes EID as a mature and credible design method. However, there are still
challenges to be addressed to establish wider adoption. When outlining unaddressed issues for EID,
Vicente (2002) identified the time and effort to conduct an analysis could be prohibitive and could
constrain analysis scope, a sentiment shared across the literature (Salmon et al., 2007; Stanton et
al., 2013; Stanton et al., 2017a; Read et al., 2018). Several potential solutions were identified, which
have been addressed, either explicitly or implicitly, across the years, such as the creation of
software tools (Human Factors Integration Defence Technology Centre, 2007; Hingu et al., 2017).
Vicente (2002) also recommended domain-specific templates and libraries for various objects in
domains. This has been addressed by several seminal works (Rasmussen, Pejtersen and Goodstein,
1994; Burns and Hajdukiewicz, 2004; Naikar, Hopcroft and Moylan, 2005; Jenkins et al., 2009;
Stanton et al., 2017a). These works provide practitioners with a comprehensive grounding in the
theory, with extensive examples of prior WDAs conducted, and comprehensive methods for
eliciting constraints during CWA. Combined with a substantive amount of published CWA and EID
work, of which Mcllroy and Stanton (2015b) provide an overview of applications, there is an ever-

growing library that practitioners can consult to synthesise a starting point for their applications.

The taxonomy presented in this chapter adds value for practitioners by addressing these challenges
in three ways. Firstly, there is a dearth of EID applications to intent-driven domains, when compared
to mixed and law-driven domains (Bennett and Flach, 2019), potentially limiting the available library
of constraints from previous applications. A detailed list of constraints found across the literature
where there are limited domain-specific examples might serve as a useful starting point in this

instance. Secondly, it is a core tenet of EID to account for unanticipated events by presenting the
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work domain to create an action state-space. The combined expertise of practitioners and
appropriate subject matter experts will likely identify almost all pertinent constraints related to a
work domain. However, there remains a possibility that constraints will not be identified by either,
due to their unanticipated nature. This could affect the efficacy of the designed interface.
Presenting a systematic summation of all constraints found across the EID literature in the form of
a taxonomy, drawn from how work is performed, could serve as verification to ensure that all types
of constraints have been considered. Finally, and closely related, the summation could be
incorporated into various stages of a practitioner's existing CWA process. For example, subject
matter experts could be prompted about each different type of constraint or guided towards
constraints that link closely to constraints already identified. Furthermore, constraints of related
types could be considered together when designing the EID to further enhance understanding of

how the work domain is constructed.

3.2 Constraint Coding and Category Creation

As described in the introduction, the taxonomy was constructed using the results of a systematic
literature review. This methods section details how the review was completed and how the results

were used to compile the taxonomy.

3.2.1 Collection, Collation, and Exclusion of Literature

Five scholarly search engines were used to obtain the literature: Microsoft Academic, CrossRef,
Google Scholar, Scopus, and Web of Science. For each engine, the phrase “Ecological Interface
Design” was searched for using the default settings provided. The default results view was used for
all search engines, except for Web of Science. This is because the engine displayed relevant papers
in all views, and as such, the literature was indexed for each type of result view (relevance, by date,

by citations).

For the first one-hundred items in each result view, citation data, and a copy of the full text, if
available, was downloaded. A cut-off was required as modern search engines can potentially return
thousands of results, which will decrease in relevance. One-hundred was chosen as an arbitrary cut-
off point as most search engines defaulted to displaying ten (initially) pages of ten results. There
were no exclusion criteria at this stage. Citation data was loaded into an existing Clarivate Analytics
EndNote X9 library (a library is a collection of literature in EndNote) and grouped by source search
engine. A further group was created to store relevant literature that existed in the EndNote library
beforehand from prior EID research but had not been returned by any searches. Furthermore,

seven relevant (in the field of EID) literature reviews were identified, and their citations were stored
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in EndNote as groups under the first authors last name (Vicente, 1996; Reising and Sanderson, 2000;
Vicente, 2002; Momtahan and Burns, 2004; Giang et al., 2010; Read, Salmon and Lenné, 2012;
Mcllroy and Stanton, 2015b). Sources were considered relevant if they presented a literature

review considering EID, CWA, or the SRK Taxonomy.

Finally, a de-duplication process was then carried out in multiple stages. For each stage, every
match was reviewed manually to prevent erroneous deletion. The first stage utilised the EndNote
“Find Duplicates” functionality, using the author(s), year, and title as match criteria. Spacing and
punctuation were ignored. The second stage removed the author(s) as a criterion, to match
instances where the author(s) name was recorded differently, such as the use of their initials or full
name. Finally, the year was removed as a criterion, leaving the title, to match instances where the

year had erroneously been recorded.

Once all literature was in EndNote, a smart group (automatic grouping of sources) was created. The
criterium for the group was that either the title or full text should contain one of the following
phrases: Ecological Interface Design, Ecological Interface, and Ecological Design. From this dynamic
group, all journal papers were manually selected and moved to a separate group. Journal papers
were chosen for inclusion in the taxonomy as they were peer-reviewed and typically contained a
self-contained description of the application. Information from other sources was also likely to
appear in journal papers, such as conference papers or theses, and as such these were excluded so
as not to duplicate content. Figure 4 shows the breakdown of source types at the second stage (i.e.,
before narrowing of focus to journal articles). As can be seen, journal papers were by far the largest

group. Further exclusion was then performed for journal sources that:

e Had no full text available.

e Existed as another source with a different name.

e Did not use English.

e Had unresolvable gaps in required bibliographical information, making it impossible to
identify a source, and subsequently access full text.

e Presented contributions that were not EID, such as ecology design papers.

This process left 202 journal papers deemed suitable for inclusion in the analysis. The data for all
sources was exported to an eXtensible Mark-up Language (XML) file from EndNote, which was
imported into QSR International’s NVivo 12. The number of sources at each stage is shown in Figure
5, starting from all sources found, with the number of sources being systematically reduced to a
manageable number for further analysis in NVivo. Additionally, Figure 6 shows the domains of the

remaining files in the analysis, derived from how the authors had tagged their research.

40



A Taxonomy of Constraints
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Figure 4 — The distribution of source types from the systematic literature search
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Figure 6 — Column chart showing domains in the literature, and the number of files in each

3.2.2 Coding of Context for Constraint Mentions

To locate the different types of constraint mentioned in the literature, two coding steps were taken:
a wildcard textual search and contextual coding (coding prose around the actual match, known as
its context). A wildcard search is one where matches are returned based on exactly matching any
provided text and returning anything in lieu of a special character (or multiple characters, usually
“*’ or ‘?’) in the search term. For example, “constrain*” could match “constraint”, “constrained”,
“constrains”, or even “constrain” itself. Contextual coding is where the prose from around the
match is marked for further processing. To perform the wildcard textual search the text search
query function was used to automatically code matches. The search term was “constrain*”,
searching in “Files & Externals” for “Exact Matches”. The asterisk in the search term was interpreted
as zero or more non-whitespace characters by the search engine. The search returned 179 journal

articles, with 2770 matching references to “constrain®*” within them.

Context coding was then performed to compile a list of prose that could be reviewed to identify
constraint types within them. This was performed to ensure as many different constraints as

possible were captured, as the word constraint might not have been near the type(s) of constraint
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Table 6 — Categories of constraint identified for the constraint taxonomy and associated definitions. ‘=’ denotes a child of the last category without a prefix.

Category (Files / References) Top 3 Concepts (Files / References) Description

Notes/Examples

Work Domain / Environment (120/591) 1. Work Domain (103/376) Constraints regarding the work domain and its environment, excluding the system itself.
2. Physical (37/93)
3. Functional (17/31)

This distinction is present in the theoretical foundations of EID, describing the system
itself and the work domain as separate entities, such as “the human-machine system must
take into account, or embody, the constraints inherent in the work domain” (Vicente and

Rasmussen, 1992), citing from (Stassen, 1989).

Work Domain constraints appeared across a majority of domains and were general, encompassing all constraints that might be present, providing a direct link to the EID
through understanding and displaying them (Vicente and Rasmussen, 1992; Talcott, Martinez and Stansifer, 2007; Miller and Feigh, 2019). Physical constraints, both in
the sense of corporal objects and physical information, related to WDA and EID (Naikar and Sanderson, 1999; Rasmussen, 1999; Burns, Bryant and Chalmers, 2005; Borst,
Flach and Ellerbroek, 2015). Functional constraints also related to WDA and EID, being revealed by them (Naikar and Sanderson, 1999; Effken, 2006; Upton and Doherty,
2008; Klomp et al., 2016).

System (108/531) 1. System (56/134) Constraints directly related to the system, including its affordances, function, structure,
2. Purpose (19/25)
3. Design (Of System) (15/29)

and purpose.

As system constraints referred to all constraints within a system, it was expected that they would be general. The constraints detailed covered basing a systems design
on constraints (Niskanen, 2018), internal and external constraints (Drivalou and Marmaras, 2009), system constraints contextually limiting functionality (Jenkins et al.,

2010b), and differing levels of constraints (Effken, Kim and Shaw, 1997). Purpose constraints included a system’s purpose and reason for design (Vicente and Rasmussen,
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Table 7 — One-half of the non-directed adjacency matrix generated by NVivo. The other half is the

same and has been omitted for clarity.
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Figure 9 — Visual representation of connectivity between constraint categories with only the top

edge shown
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3.5 Using the Constraint Taxonomy

With the constraint taxonomy visualised, it becomes possible to propose how to utilise it during the
analysis process. The first possibility is to systematically work through the list of ordered categories
provided in Table 12 as a checklist, eliciting information from the source material(s) and/or subject
matter experts for each one using the detail in Table 6. This process should involve using the
provided descriptions and top individual constraints as prompts where possible, see Figure 4 as an
example for the first three categories. This approach would likely be suitable for performing
analyses on new domains, or one where the analysis will cover a large sociotechnical system, both
requiring in-depth analysis. It would also be useful for providing sample answers during interviews
to the prompts provided across the CWA literature (e.g., Naikar, Hopcroft and Moylan, 2005;
Jenkins et al., 2009; Read et al., 2016), to illustrate to the interviewee what kind of constraints and

categories would be suitable to include.

Another possibility is to use the visualisation to guide the analysis using a guided checklist approach,
see Figure 11. A practitioner would start at the Work Domain/Environment category, having the
highest sociometric status (see section 3.6.2.2). They would still use Table 6 to elicit information.
While doing so, they should be cognisant of discovering constraints that belong to other categories
and seek to traverse the connections to those categories to discover related constraints, jumping

to the relevant item in the taxonomy, instead of working through. Continuing to traverse the
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taxonomy and exploring the constraints, should provide a structured process to acquire constraints

relevant to the system being analysed.

Table 12 — A checklist for the taxonomy of constraints

Category Top Constraints to Query
Work Domain

[J  Work Domain / Environment Physical
Functional
System

[1 System Purpose

Design (Of System)

Locomotion Capabilities
Performance Limitations (Aircraft)
Operating Capacity

[J Limits, Capacity, Restrictions

Traffic
Aircraft
Weapon

[0 Entities

Goal-Relevant
Strategies (For Activity Execution)
Process

[0 Decision Making, Goals, and Action

Cognitive
Behaviour
Decision Making

[1 Operator Characteristics & Cognition

Information
Relationships (Between Variables)
Variables

[0 Measurable Parameters

Energy
Temperature
Mass

[1 Energy, Mass, Forces

Causal (Laws of Nature)
Inherent
Invariant Constraints

[1 Laws of Nature

[ e e e A O B O

Work Domain Analysis & Abstraction
Hierarchy

High Level

Cognitive Work Analysis

0 Analysis & Design of System

O O

O

Access to End-Users and subject matter

[1  Analysis Considerations experts
Trial order

Technology/ Technical
Design (Of Interface)/ Interface
Sensor

0 Technology

[ 0 O O

Organisational (including “Social

0 Organisational Organisational”)
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Category

Top Constraints to Query

[

“Operations” (including “Operating” and
“Operational”)
Work

[] Spatial

Spatial
Manoeuvring
Trajectory Planning

[1  Temporal

Temporal
Speed (Temporal)
Time-Independent

0 Actors and Agents

Actors
Intentional
Communication

Environmental

[1 Natural Environment Terrain
Weather
Resources

[ Resources Financial

Physical Resources

Regulations
O Goygrnment, Law, Legal, Regulatory, Government
Political Rules of Engagement
] Safety Safety
Social
] Societal Factors Social Values
Language
[0 Representation and Perception Display
Control

[0 Control Enactors

Control Strategies
Manipulation

[J  Velocity

N e O I Y

Speed
Velocity
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Work Domain/Environment Constraints

What can you tell me about the work What physical constraints are present in What functional constraints are present
domain? the environment? in the environment?

What constraints affect the system as a
whole?

How is the system designed and why

i ?
e 2 18 [FUTATER GF e SEE were key design decisions made?

Limits, Capacity, Restrictions

Are there limits on movement? What are the performance limitations? What is the operating capacity?

Other categories

Figure 10 — A checklist approach to using the constraint taxonomy

Work Domain/Environment Constraints

What can you tell me about the What physical constraints are What functional constraints are
work domain? present in the environment? present in the environment?

The work domain uses a lot of Technology, skip to this category

What are the limitations of the Do you know why the interfaces What sensors are present and what
technology in use? have been designed like they have? are thier limits?

Other categories

Figure 11 — A guided checklist approach to using the constraint taxonomy

A traversal approach could also be used to imply where constraints might be missing from an
analysis, see Figure 12. Again, a practitioner would start at the Work Domain/Environment
category, or possibly the category that matches the most constraints identified in previous
iterations for ongoing analyses. They would then assess whether they have identified constraints
that belong to connected categories. If constraints have not been identified, or only a small number

are present, this could suggest that more are present based on the links exhibited in the literature.
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The emissions of each category provide a mechanism to order the exploration of neighbours. If
enough constraints have been identified in a neighbouring category, then analysis could iteratively

move across the taxonomy to address all neighbouring categories.

Explore category

Follow connections Identify connections
to other categories (present or missing)

Figure 12 — A traversal approach to using the constraint taxonomy

Finally, the above use cases have been focused on exploring categories where the most constraints
would likely be found. An alternative approach could be to start at categories with low sociometric
status or ones on the edge of the taxonomy. This could be useful to practitioners with an established
analysis who are seeking to explore less-obvious constraints, which could be important for ensuring

that as many novel and/or unanticipated situations are accounted for in the resulting design(s).

In summary, there are two ways to use the taxonomy, as a systematic checklist, or as a traversal
map to identify connections between constraints. The proposed use cases above are suggestive,
and practitioners are encouraged to use the taxonomy as appropriate within the context of their

specific analysis.

3.6 Discussion

This chapter aimed to provide a constraint taxonomy that could be used for analysing systems when
performing CWA and/or EID. The taxonomy has been constructed throughout this chapter,
synthesised from a systematic literature review conducted on the topic of EID. Journal articles from
a search of multiple search engines were loaded into NVivo and all recorded constraints were
coded. These constraints were subsequently grouped using an iterative bottom-up approach to
create the categories of constraints that form the taxonomy. SNA was conducted to analyse how
the categories connected, and to inform the use cases, such as starting at the Work
Domain/Environment category. The completed taxonomy takes the form of a tabular checklist and

network visualization, both of which can be used as required based on the proposed use cases in
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the previous section. This section presents a discussion of the taxonomy and the analysis used to

construct it.

3.6.1 Constraint Categories

The generated categories are aligned with the topics a practitioner would expect to encounter in
EID, indicating the suitability of the results to support systems analysis and design processes. All
categories were expected from the author’s previous reading and experience with EID. For
example, the Technology and Actors and Agents categories were expected, given that complex
sociotechnical systems were a focus. This suggests that while this review concentrated on mentions
of “constrain*” words and their context, the theoretical underpinnings of EID were successfully
captured within the taxonomy. This is readily apparent in Figure 9, in which Work
Domain/Environment and System are central highly connected constraint categories. For Work
Domain/Environment, the categories’ importance is thought to be linked to CWA, which has a
pivotal role in the systems analysis stages of EID, appearing across the literature (Mcllroy and
Stanton, 2015b). As the system is the focal point of CWA and EID, it follows that the System category
should also be a major category, and also as it exhibits such strong connectivity to Work
Domain/Environment. Other prevalent aspects of EID also manifested themselves as categories,
such as Operator Characteristics & Cognition (Worker Competencies Analysis and SRK Taxonomy)
and Representation and Perception (e.g., direct perception of environmental variables as a goal of
EID). Aligning closely with constraints identified by expert practitioners, and with the community

consensus of EID, is a strong indicator of the robustness of the taxonomy’s contribution.

The categories also help affirm previous literature that seeks to provide a list of constraints, or
questions to understand what constraints might exist within a system, such as the work of
Rasmussen, Pejtersen and Goodstein (1994), Naikar, Hopcroft and Moylan (2005), Jenkins et al.
(2009), Naikar (2013), and Stanton et al. (2017a). This aligns with the aim of this chapter to establish
a list of constraint categories found across the literature as part of the taxonomy, serving as a
reference for practitioners to ensure that EID applications cover all types of constraint
appropriately. This is achieved by clearly demonstrating the presence of constraints mentioned in
the theory across the literature. For example, Naikar, Hopcroft and Moylan (2005), citing
Rasmussen, Pejtersen and Goodstein (1994), present a table (table 12, p. 69) of constraint types
across the domain continuum, split into five categories. This table contains sources of regularity for
each domain, driven by types of constraints associated with them. These sources of regularity
appear in the conducted analysis, such as the causal constrains for automated systems governed
by the laws of nature, or intentional constraints based on a Decision Making, Goals, and Action, and

preferences for systems used by autonomous casual users. It is important to note that the
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contributions of domain-leading authors were not under scrutiny; rather this review sought to fill a
gap in the literature by systematically analysing constraints across the EID literature to explicitly
demonstrate their existence, rather than utilising knowledge gained from extensive experience
with system design. It is also important to emphasise that correlation does not equal causation, the
categories were not derived from these works, rather informed by the body of literature. In doing
so, this chapter’s contribution to knowledge is bolstered by incorporating the practical findings of

various practitioners into the taxonomy, which might not have been elicited otherwise.

The taxonomy exhibits complexity in the form of the number of categories and the connectivity
between these categories, a reflection of the EID literature. While it is accepted that twenty top-
level categories could be unwieldy, it must be considered that these constraints pertain to complex
sociotechnical systems, and that this will be commensurate with complexity in a taxonomy based
on literature based on them. This aligns with the proposition of Borst, Flach and Ellerbroek (2015),
who argue that Ashby’s Law of Requisite Variety (Ashby, 1956) is fundamental to EID’s
consideration of ecology (Vicente, 1991a), necessitating that effective interfaces be as complex as
the domain under consideration. Table 6 demonstrated that each category can be clearly defined
and is present within the literature with examples, providing reasoning for their inclusion. It could
be possible to reduce the number of categories to simplify the taxonomy by merging similar
categories. However, given the encompassing definitions of some categories, this may make the
resultant categories too broad for meaningful analysis. Conversely, certain categories are smaller
and can also exhibit part-whole relationships with others. Future work could simplify the taxonomy
by utilising techniques from Work Domain Analysis, such as the Abstraction Decomposition Space,
which decomposes the Abstraction Hierarchy into different component levels (e.g., system, sub-
system, component). This would add extra dimensions to taxonomy with fewer categories at each
level. Despite these changes, it would be expected that it would remain heavily connected. Again,
the nature of complex sociotechnical systems is present, with constraints affecting each other
throughout the literature; there may be discussion about which category constraints are placed in
but is inescapable that categories will be highly connected. To alleviate this for future iterations,
different methods of representation should be concentrated on, to ensure that the links are
understandable (the complexity of Figure 8 compared to the understandability of Figure 9 for

example).
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3.6.2 Social Network Analysis

3.6.2.1 Global Network Metrics

The global network metrics are indicative of how numerous and complex constraints are in modern
sociotechnical systems. 904 constraint types were categorised into twenty top-level nodes for the
analysis. The IRR results indicate that whilst there was a level of agreement between the original
coder and the secondary rater, there was room for improvement to achieve even better agreement.
However, the categories themselves were deemed to be encompassing, as no constraints were
categorised outside of the provided categories. This suggests that the categories themselves are
suitable for the taxonomy. During coding discussions and discussions with the secondary rater, it
became apparent that whilst some nodes could be more appropriately categorised, a portion of
codes could fit into multiple categories. For example, ‘operating niche’ (“.. take into account
constraints ... from the particular ecological niche in which the robot is to operate (home,
underwater, forest, rubbles, etc.).” (Mantel, Hoppenot and Colle, 2012)) could be in the Natural
Environment or Work Domain/Environment categories, depending on the perception of the coder.
Both could be considered correct, an operating niche is both the Natural Environment a system
could be deployed to, as well as the Work domain/Environment. Due to the limitations of NVivo, it
was not possible to categorise a node into more than one category. Future work could seek to use
different software to categorise nodes into more than one category to account for their complex
nature, potentially improving inter-rater reliability scores. Another method to improve the inter-
rater reliability scores would be to make the categories more specific and defined. However, it is
believed that the complexity of some constraints might make this idea difficult; there are already
twenty categories and there is no guarantee that creating more constraints, adding complexity to

the taxonomy, might result in mutually exclusive coding.

The taxonomy exhibits high connectivity, as demonstrated by the number of edges and density
values. The extent of the connections can be seen from Table 7. Only 39 non-directed edges (76
directed edges) are absent (equal to 0) from a fully connected network. This high connectivity
demonstrates how constraints are often inter-related and cannot be considered in isolation. This
affirms the final proposed benefit of this chapter, which was to understand how constraint
categories were connected, enabling practitioners to use the connected constraint taxonomy to
further enhance their analysis using the taxonomy over utilising the checklist alone. It would be
pertinent to consider these identified relationships during the construction of an Abstraction
Hierarchy (and other stages of Cognitive Work Analysis). For example, the Decision Making, Goals,
and Action and Work Domain/Environment categories are highly connected, meaning that

constraints in these categories are very likely to be connected. If interviews with subject matter
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experts describe several constraints relating to how they make decisions and set goals, it would be
sensible to elicit what components of the work domain affect these constraints and proceed using

connections identified in the taxonomy.

3.6.2.2 Nodal Metrics

The Work Domain/Environment, Decision Making, Goals, and Action, and System categories had
the highest emissions and sociometric status. This is to be expected as these constraints define and
bound work systems. Thus, the presence of these types of constraints would be expected
throughout the literature, connected to application-specific constraints. The categories exhibiting
the next highest emissions were Operator Characteristics and Cognition, Measurable Parameters,
and Spatial. While not as all-encompassing as the top categories, they are pervasive throughout the
application of EID and the literature. It is a core tenet of EID that an operator’s capability should be
considered, representing spatial layout is key to representing the work domain, and understanding
a system’s measurable parameters allows for them to be represented in the EID to show the status

of the system.

In contrast, the Societal Factors, Control Enactors, and Government, Law, Legal, Regulatory,
Political categories had the lowest emissions. For Societal Factors and Government, Law, Legal,
Regulatory, Political, these categories are widespread factors that undoubtably will influence
sociotechnical systems. However, their effect might not be direct, nor relevant at the scope of the
interface. For example, consider a legal requirement for a minimum screen size. A constraint on
screen size might be mentioned, but would be categorised as a technological constraint, instead of
the legal constraint it is derived from. Similarly, Control Enactors might not be explicitly mentioned
as such, instead being referred to via Actors and Agents. Applied to the usage of the taxonomy, this
suggests that explorations in these categories do not need to be as exhaustive as other categories,

unless dictated by a specific domain where these categories are known to be prominent.

The categories Decision Making, Goals, and Action, Operator Characteristic and Cognition,
Measurable Parameters, and Technology had the highest centrality/farness/betweenness. This
suggests that they were important concepts throughout the literature, that were central to defining
the constraints for a work system. Supporting Decision Making, Goals, and Action, Operator
Characteristics and Cognition is a key aspect of EID, and thus it makes sense that other types of
constraints would be connected. As the work systems in question are sociotechnical systemes, it is
also expected that constraints featuring the social (Operator Characteristic and Cognition) and
technical (Technology) aspects would appear as central categories. Finally, it is believed that the
Measurable Parameters of a system possessed high centrality due to its key role of providing

information about the status and functioning of a system, which is in keeping with EID and its goal
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of showing both physical and functional information. Applied to the taxonomy, this would suggest
that practitioners should seek to work towards these categories if they have not already been

explored.

By contrast, the categories Societal Factors and Control Enactors were the least central nodes, and
it is believed that this is for the same reason as their low connectivity (emissions); whilst pervasive
in a greater context, their effect on constraining the work system may be achieved through other
constraint categories that have more effect in a system context. Despite the network’s high density
and small diameter, there was a high range of farness (9), with the most central categories being
connected to other categories by only one edge, and the least connected categories being
connected by an average of 1.47 edges. This strongly affects the betweenness of each category. For
the categories with the least farness, possessing connections to all other nodes of 1 edge, there is
a high probability that they will be in various shortest paths and will be considered when using the
taxonomy. Less central categories will likely be at the end of a route, connected to only specific
categories, increasing their farness, as they can only be accessed through more edges.
Consequently, practitioners may have to take explicit steps to consider these categories if they are

not organically arrived at during the analysis.

3.7 Conclusion

A key component of EID is the constraints it represents, framing the action state-space in which
operators are free to utilise to achieve their planned goals. Constraints are generally well
understood across the literature, but literature did not exist that provided a systematic overview
of those identified from actual applications of CWA. This chapter addressed this by performing a
systematic literature review using the search term “Ecological Interface Design” to create a
taxonomy of constraints. Constraints were identified, classifying them into twenty categories, and
Social Network Analysis (SNA) was used to identify relations between the categories to build a
constraint taxonomy. The taxonomy was designed to support practitioners in discovering as many
constraints as possible during their analyses, as they are key to designing an EID that is fit for

purpose.

The main contribution to knowledge of this chapter was the creation of the twenty categories of
the taxonomy, which can be a foundation for new analyses and a checklist for ongoing/completed
analyses. A further contribution was using SNA to demonstrate how these constraint categories
were connected to enable practitioners to follow these connections, especially if they are eliciting
several constraints in one category, but not from linked categories, which suggests that these

should be explored. It was demonstrated that many categories are highly inter-connected. Whilst
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the number of constraints in each category varied, they were each derived from the literature, and
clearly show the types of constraints that are found in contemporary sociotechnical systems. The
taxonomy’s connectivity reflects this, showing that each category of constraint could not be

considered in isolation and that practitioners should consider how categories are connected.

The benefits make the taxonomy a strong contribution to the literature, providing practitioners
with a literature-underpinned understanding of constraints that can be applied at different stages
of their EID applications. At the systems analysis stage, the understanding of constraints will
facilitate a more in-depth assessment of the system and its capabilities. For complex systems such
as Sonar and TMA, this is vital, as constraints might not immediately be apparent, being abstracted
away at the HMI level. At the design stage, it will enable consideration of how constraints should
be represented, based on their prevalence and connections. Should constraints be heavily
connected, it would be appropriate to display them together, further capitalising on the operator’s
innate psychomotor capabilities. Finally, at the experimentation stage, it could permit an insight

into whether a constraint's prevalence or connectivity has any bearing on operator performance.

As the underlying theory and approach to analysis have been covered at this point, the rest of the
thesis will detail the specific application of EID to Sonar and TMA. Chapter 4 presents a review of
how submarine control rooms should operate as a pre-cursor to the CWA completed in subsequent
chapters. This was needed as the operation of submarine control rooms is not generally well known,
meaning that they had to be understood before working with subject matter experts on a redesign

of Sonar and TMA.
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Chapter 4 How submarine control rooms operate, and the

Case for Ecological Interface Design

Previous chapters have concentrated on introducing the theoretical knowledge required for this
thesis (Chapter 2) and presenting a taxonomy of constraints (Chapter 3). This chapter marks the
start of the analysis process conducted to derive an Ecological Interface Design (EID) for Sonar and
Target Motion Analysis (TMA). These stations were chosen due to their prevalence within the
control room, both in terms of their role in ensuring ownship safety, and their communications
forming a significant proportion of command team activities (Stanton and Roberts, 2018). The
chapter presents a consolidated overview of how submarine control room sociotechnical systems
operate, providing context to the work of Sonar and TMA. Their work is briefly explored to set the
foundation for CWA chapters on each role (Chapter 5 for Sonar, and Chapter 6 for TMA). Challenges
facing the control room will also be detailed, highlighting why change is needed to ensure that
adequate capability is maintained. Finally, the case for applying EID to the redesign of Sonar and
TMA is presented, showing that there is synergy between the challenges faced by the control room,

and those that EID aims to address.

4.1 The Submarine Control Room Sociotechnical System

To understand how the Sonar and TMA interfaces could be improved, it is also important to
understand the operational context in which they are utilised. As Sonar and TMA are part of the
wider control room sociotechnical system their operation is affected by, and affects, the control
room. The following section will detail broader control room operation and the command team’s
work. The subsequent section will discuss potential shortcomings with current HMI designs and
offer Ecological Interface Design (EID) as a paradigm that could optimise the next generation of

HMls.

4.1.1 Social: Command Team

The structure of a command team varies, although typically it is formed of operators and officers,
and is led by a senior officer (a person with managerial responsibilities). When creating a tactical
picture this will be the Officer of the Watch (OOW), although other officers may lead the control
room depending on seniority (e.g., if the captain is present) and context (e.g.: a specialised activity).
A tactical picture is an overview of the submarines’ environment, including the perceived positions

of contacts. A contact is a vessel or object that has been detected by sensors such as Sonar, radar

77



How submarine control rooms operate, and the Case for Ecological Interface Design

¥

d

Figure 15 — a) A broadband waterfall showing ambient sound, with two vessels being detected,

b) A narrowband waterfall showing the frequencies making up a broadband signal,

c) A DEMON waterfall showing the number of propeller shafts and blades detected for a contact.
Each group of lines represents one shaft, with the number of lines representing
blades,

d) A broadband waterfall display that has just started to show data, notice the bottom is empty

e) Data at the top of ‘d’ has been pushed to the bottom by newer data, giving a waterfall effect

4.1.1.5 Work of Target Motion Analysis

TMA is the process of analysing positional data from contacts derived from passive sensors to
produce a location and predicted movements (Murphy, 2000c). This is called a ‘solution’,
comprising the speed, course, range, and bearing of a vessel (Geng, 2010). Bearing is the direction
to a contact from ownship. To generate solutions, a Local Operations Plot (LOP) can be used (see
Figure 16a). A LOP is a chart with a contact’s previous detections plotted, allowing solutions to be

calculated (Clarke, 1999).
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The benefits of adopting a new generation of combat systems are clear, driving futuristic capability
with consideration for organisational factors, such as cost and risk. It is imperative, however, that

HMls are developed at the same pace to make full use of the systems.

4.1.2.2 Frontend: User Interfaces

Adoption of open combat systems has included the upgrade of MFCs, and changing HMIs to
improve functionality and usability. In doing so, two key problems are addressed: the stasis of core

HMI concepts and the addition of new features.

Despite considerable capability advances across the history of submarines, certain HMI aspects
have remained largely unchanged or seldom updated for several decades. This is illustrated in
Figure 18, a collection of Sonar HMI images ranging from 1989 to 2015. While spanning three
decades, the waterfall from 1989 is visible on each. Leftmost is from the USS Hyman G. Rickover
(SSN-709) and rightmost is Sonar 2076, used across the Royal Navy’s’ contemporary submarine
flotilla. Exact dates and implementations are classified; however, little difference is apparent.
Whilst specifics such as screen layouts or different waterfall aesthetics have changed, large
commonalities remain (such as the use of green and black, or the ‘waterfall’ display: new data

moves old data down the screen, causing a waterfall-like aesthetic).

Each interface, a product of their time, met requirements within the available budget, computing
capabilities, and core considerations for submarine design (Burcher and Rydill, 1995). As time
progressed, budget sizes (Fallon, 2015) and computing processing power increased, allowing more
advanced systems to be procured and more processing power to be achieved, but the previous
interface style tends to have been retained. This has resulted in highly advanced systems, but ones
that employ legacy design paradigms. Reasons for this could be the retention of existing training
programmes, subject matter expert familiarity with existing systems, or the potential risk

associated with ‘buy-in’ to next-generation HMI (Gosling, 2008; Hall, 2012).
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Figure 18 — Chronological screenshots of Sonar user interfaces across time, showing their
similarities, from: a. Hoffman (1989), b. Bosner and Oxley (2009), c. Jones (2009), d.
Canadian Armed Forces (2013), e. Webber (2015), f. Royal Navy (2015)

This resistance to change may be due to maintaining training readiness (Hall, 2012), reducing costs,
and reducing risk (Gosling, 2008). Additionally, onboard factors include space requirements for
supporting equipment, processing power, system compatibility, and implementation time (Defence
Equipment and Support, 2010). This has led to evolutionary improvements (Roberts, Stanton and
Fay, 2015), but this does not preclude further improvements; comparison with different ways of
working would determine if the current paradigm is suitable for future requirements, or whether a
step change is required. Nevertheless, submarines are at the forefront of technological innovation.
For example, Sonar 2076, while having a similar HMI to predecessors, is vastly more capable, with
increased detection capabilities (Royal Navy, 2008). While individual changes seem small, their
combined effect can be observed by comparing the Turtle (Clautice, 1978) to HMS Artful (BAE
Systems and Launderdale, 2016). HMS Artful, like all submarines in the Royal Navy, is highly
advanced, allowing command team personnel to carry out a multitude of deployment objectives.
This success has been engineered from continuous improvement of the entire submarine, including
user interfaces, such as Sonar 2076, to maximise the exploitation of these modern capabilities in an

evolutionary fashion (Roberts, Stanton and Fay, 2015).

4.2 The Case for Ecological Interface Design

While submarine control rooms are currently an advanced product of evolution, afforded by
constantly trained operators and ever-changing combat systems, it does not mean they cannot be

improved upon (Stanton, 2014). In particular, the lack of substantial HMI development discussed
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representations are physical information, showing the current environment. Functional
information is overlaid to show areas of danger, calculated from factors such as sea depth, current
and geographical features. Whilst some interpretation must still be performed, the environment
and its constraints are immediately apparent. This is a core aspect of EID and demonstrates the
suitability of the method for use in submarine control rooms. Furthermore, it establishes a
precedence of EID, or similar/adjacent capability, being used by the Royal Navy, showing that it can

successfully integrate and provide training on a new generation of interfaces.

Figure 21 — A simple representation of a WECDIS product, made by Offshore Systems Ltd (2007).

4.2.2 EID Application to Sonar and TMA

Precedence for implementation in an operational submarine control room further strengthens the
case for EID. Moreover, it addresses organisational as well as technical factors that may have
affected redesign efforts previously, such as a desire to maintain training readiness (Hall, 2012),
reduce cost as well as risk (Gosling, 2008), and technical capability; if these can be overcome for
one system there may opportunity for other systems, such as sonar and TMA. The remainder of this

section outlines initial ideas of how EID principles could be realised within these systems.

With modern combat systems such as CCCS affording MFCs greater access to data, displaying both
physical and functional information could be achievable. For example, consider a TMA interface
that is showing Physical cut information from sonar. A TMA operator may not be aware of the

maximum sonar detection range at a given time and may attempt to place a solution outside of this
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Chapter 6 Cognitive Work Analysis of Target Motion

Analysis: What could be improved about solution entry?

6.1 Introduction

Chapter 5 presented the results of generating design directions from Work Domain Analysis (WDA)
and Worker Competencies Analysis (WCA) for Sonar. This chapter follows the same approach (see
Section 5.2 for the method) to generate design directions for Target Motion Analysis (TMA), and as
such does not contain a methods section. The leverage point identified for TMA was the Local
Operations Plot (LOP), which is a top-down map view of a submarine’s operating environment that
contact solutions are plotted on. It was identified as a predominant method of entering solutions
and evaluating their accuracy (Clarke, 1999). As with Chapter 5, this chapter aims to build on the
understanding of submarine control room operation from Chapter 4 using Cognitive Work Analysis
(CWA) to understand where improvements might be made when creating the redesigned TMA

interface.

Like Sonar, TMA is working with larger quantities of more complex data. This data is cumulatively
generated from sensors getting more advanced and providing more data, and also by newer
combat systems, such as Submarine Combat System — Next Generation (SMCS-NG; BAE Systems,
2015) or Aegis Weapons System (AWS; Threston, 2009), becoming more capable. These advances
present an opportunity to introduce more automation. Automation can be defined as applying
technology to reduce the need for, or replace, human workers in a process or system (Boy, 2014;
IBM, 2021b). It could reduce human error by ensuring cognitive requirement is the minimum
possible (Breton and Bossé, 2003). However, this introduces a newer challenge of ensuring that
operators are still capable of stepping in for the automation in case they have not been reviewing
their knowledge of practising skills (Bainbridge, 1983). Therefore, it would be pertinent to frame
design directions within the automation capabilities that newer systems could afford, while taking
care not to degrade operator capability as a result. Additionally, as will become clear, the current
method of solution entry can be cumbersome, requiring extra effort from the operator to work
with solutions. Consequently, recommendations in this chapter also focus on removing
cumbersome interaction as a pain point in the current design. Read et al. (2018) define a pain point

as problems or issues that represent user frustration, conflicting goals, or information bottlenecks.
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evaluate a current solution, which contains mostly physical information about its current
parameters visually and using number readouts. This could be expanded to include functional

information, such as making the future state explicit (Chalmers, Easter and Potter, 2000).

6.2.4 Physical Objects and Object-Related Processes: How does solution entry work, and how

could it be improved?

The LOP is the main component of the TMA screen, and most stages for processing a contact can
be performed using it. As a reminder from Section 4.1.1.5, a LOP displays time series data of a
contact’s detections on a geographic plot, see Figure 35. The background represents a given map
area. Data is represented as cuts (‘a’), which are lines drawn along the bearing from which a contact
was detected from ownship (‘b’). Speedstrips (‘c’), also known as rulers, represent a contact’s
course as straight lines, with marks on to represent when cuts occurred. Operators translate, rotate,
and scale a speedstrip until the marks match the cut lines for a contact. Speedstrips can be directly
manipulated visually or known information can be entered (‘d’, which is not shown as not part of
the LOP, but labelled for clarity; the entire screen can be seen in Figure 46). If a speedstrip matches
the cut lines and is accurate in the accuracy display (‘e’) this path can be shared, which plots it as
an icon on the global geographic tactical picture. Speedstrips automatically dead-reckon
(extrapolate a new position from historical trajectory), allowing the tracking of a contact's

movement.

Figure 35 — A screenshot of a Local Operations Plot, demonstrating speedstrips being overlaid onto

historical cuts for a contact
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6.2.5 The TMA screen: Operation and Issues

Figure 46 shows a complete LOP screen, with areas of interest separated by bounding boxes. The
LOP for a contact is in Area “A”, with three speedstrips present. This means that the operator is
working on a solution, and has saved a previous version, in addition to sharing a previous version.
The working speedstrip can be moved around the map space to determine if there are any better
matches, using the accuracy display to help guide this process. However as detailed above, this
process is still completed manually, instead of the interface supporting the operator using the
complex data it has access to. This unnecessarily increases operator cognitive workload, which

could detrimentally affect their performance and negatively affect ownship safety.

TMA 1 DISPLAY

DISPLAY CONTROL

Figure 46 — TMA LOP User Interface

The controls for interacting with the map are shown in Area “B”. Pan and zoom controls are
available to change the map perspective. The “Centre to” button moves the map so that the
specified speedstrip is in the centre, and the “Working to Centre” button moves the working
speedstrip to the centre of the current display. Area “C” displays the bearing and range of the LOP
cursor location. This can be used when manipulating the speedstrip to determine geospatial
properties. While there is comprehensive capability to navigate around the map, it could be
replaced by direct manipulation of the map. The removal of the buttons would also provide more
space for the map view, allowing the operator to perceive more information pertinent to creating

the solution.
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Track management is located in Area “D” and enables the selection of a track to generate solutions
for. A second drop box is available to nominate a second contact for merging. This will display both
sets of cuts in the LOP, allowing the operator to determine if the cuts are similar, a sign that the
contacts refer to the same physical contact. These sets of cuts should be from different sensors, as
one sensor cannot detect a contact twice. Thus, it would be illogical to merge contacts from one
sensor. If the operator identifies a match then they will press the “Merge” button to fuse the two
contacts together, into a new master contact. The master contacts sensor identifier will change to
“M” to denote that it is a master record. This process is reversible, using the ‘Split” button. As
described above, there is opportunity to introduce more automation to support the operator by
validating merge decisions. This would be supplemented by displaying information about each
contact readily to operators so that they can better perform the task of contact management,
instead of the list of contacts, and the associated information of how many there are, being

effectively hidden in dropdown menus.

Areas “E — G” display the parameters of one speedstrip each. Each component is represented as a
label. The working display, Area “E” allows for editing solutions. These values are bound to the
speedstrip, so changes to one will reflect in the other. Additionally, each component can be fixed
using the button to the right, narrowing down speedstrip movements to permit more effective
solution finding. The “To Shared” and “To Private” buttons of Area “E” will respectively share or
locally commit the working speedstrip. The working speedstrip can be reverted to the positions
held by either the shared or private speedstrip using the “Revert To” buttons of Area “F” and “G”.
This process is manual and increases cognitive workload to manipulate the speedstrips. It can also
introduce an element of frustration for operators if they have a location visualised, but cannot easily
enact this in the interface. As with the merge support, automation should be integrated into the
interface to assist operators with these tasks as they are data-based. This would free up the
operator to concentrate on SBB, such as determining why a contact is behaving as such, and
predicting its future movements based on this, which in turn could maximise adherence to the

higher-level goals of ‘maximising safety of operations’ and ‘maximising known contact information’.

6.3 Worker Competencies Analysis

The WDA has furnished an understanding of how TMA could be improved, based on examining how
work is completed using the LOP to contextualise improvements. However, WDA does not reveal
the skills required to use the system so that they could be factored into the design process. A WCA
(see Table 19) revealed these aspects, and how operators of different skill levels will interact with
TMA. For example, when ‘Creating a Solution’ novice operators might not use precise adjustments

of solution parameters using the inputs available in Figure 46e based on operational experience,
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instead preferring to manipulate the speedstrip directly in the LOP to experiment with what
parameters match (Figure 46a). Both types of interaction should be supported by a redesigned
interface. An understanding of the full spectrum of competencies required is especially important
when considering automation, as WCA can highlight competencies that operators are expected to
utilise, but have a computational basis that might be better suited to automation by a computer,

informing further design requirements (Mcllroy and Stanton, 2012).

The WCA shows that there is support for operators at all skill levels. It confirms that there are
behaviours required from operators that might be better suited to computational processing and
automation. These behaviours are mainly from the Rule-based Behaviour (RBB) column, which
represents responses based on specific triggers, but automation could provide support at all levels.
The suitability of these behaviours for automation arises from the data-driven aspect of TMA,
meaning that most triggers for the RBB would be based on conditions that the interface could
monitor for, and could provide a response that was quicker and more accurate than an operator
completing the same task. This does not suggest that operators are not capable, but rather that
they should not have to complete tasks that their interface could complete. Thus, a design
suggestion is to look at implementing RBB where appropriate into the redesigned interface to
support operators operating at that level. In doing so, this could free up capacity for operators to
utilise Knowledge-based Behaviour to handle unanticipated and/or novel events where required,
shifting from routine Skill-based Behaviour arising from extensive training.

Table 19 — WCA for a TMA Interface

Skill-based Rule-based Knowledge-based

Behaviour Behaviour Behaviour

Observed behaviour of If-Then rules to identify Prerequisite

experts if a task should be done knowledge/capability
for novices to
complete tasks

Choose Contact Experience of knowing Choose priority Select a contact to use
which contacts to contacts when they

Select a contact to
work on, and when are identified

request information
Choose contacts that  on

may be dangerous

(either by proximity or

hostility)
Create Solution Experience of typical =~ Revert solution if no Manipulate Working
solutions for contact  better solution can be Speedstrip
types found

Share working solution
Experience of patterns Utilise information

in cuts, which suggest from other operators
solution components

Save a working
solution
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to restrict speedstrip
degrees of freedom

View Solutions

Make an informed
decision on a solution
to work on, based on
command team
activity

Look at solutions to
determine which to
work on

Look at a solution
when ordered to

Assess Solutions

Know how different
changes will affect
solutions to make
changes quicker and
more accurately

Check if a solution is
no longer accurate

Check accuracy if a
solution has not been
updated for an
extended period

Check solution after
changes in course or
speed

Check solution
suitability

Ensure solution
accuracy

Use experience of
contact types to
determine if solutions
are reasonable

Utilise information
from other operators
to restrict speedstrip
degrees of freedom

Correlate information
from other operators
to ensure that the
solution is within the
bounds provided by
their sensors or
intelligence

Check marks match
cuts

Check accuracy display

Merge Solutions

Ensure that solutions
are merged properly

Recommend contacts
to merge based on
similar cut profiles

Recommend contacts
to merge based on
similar solutions

Combine contacts
when ordered

Refine Solutions

Experience of how
changes to the
environment, contacts,
and own ship would
affect solutions

Manipulate speedstrip
for a better fit when it
is no longer suitable

Manipulate speedstrip
for a better fit when
changes to contacts
are detected by other
stations

Do not merge contacts
on the same sensor

Manipulate speedstrip
for a better fit when
ordered

Remove Solutions

Experience of what
contacts are not
required

Drop contacts that are
no longer required

Drop contacts when
ordered
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Drop contacts that
should not be tracked,
such as schools of fish,
or pods of whales

Split Solutions Experience of whena Identify erroneously Separate contacts
split is incorrect merged contacts to when ordered
split

6.4 Insights Gained

6.4.1 Automation is Key

A key aspect of creating design directions for a new TMA interface has been a focus on the
introduction of automation so that operators do not have to manually complete tasks which could
be completed using automation. These tasks are especially suited to automation as TMA is largely
a computational process (Punchihewa et al., 2022). This has led to multiple algorithms and
processes for solution generation in TMA being proposed (Aidala, 1979; DeAngelis and Green, 1992;
Lee et al., 2008; Geng, 2010; Punchihewa et al., 2022). While these algorithms have been shown to
be beneficial, it would not be appropriate to completely remove the human operator from the
process. This is because while manual TMA is operator-intensive, it is useful when the efficacy of
algorithms is degraded (Huf, Arulampalam and Manning, 2006). Additionally, TMA incorporates
‘soft” data that must be processed by an operator before being utilised (Punchihewa et al., 2022).
While contemporary automation is very capable, it might not have the same capabilities that
operators naturally have to process this data. For example, a Sonar operator might be able to
determine a rough speed of a fishing vessel from intuition, which would be passed to the TMA
operators as a guideline for them to experiment with in their solution. Hou et al. (2015) also noted
that while automation can be introduced to mitigate a limited attention span arising from limited
working memory capacity, removing operators from decision-making tasks can degrade efficiency
(Clare et al., 2012). This suggests that operators should be provided with automation but should
retain involvement in the processes being carried out or utilise the automation to support them

when workload increases.

This approach is congruent with the suggestions by Huf, Arulampalam and Manning (2006) and Huf
et al. (2009) that operators could perform their tasks under a normal workload but might rely on
the assistance of automation to cope with a more hectic picture compilation process. Hou et al.
(2015) built on this by also proposing that automation could detect when an operator was
attempting to complete a task and complete it for them if they were under a high workload. The

utilisation of automation for track management has been shown to be beneficial to task
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Chapter 7 Validation Against the Talisman Trainer

7.1 Introduction

Chapter 5 and Chapter 6 presented the results of the Cognitive Work Analysis (CWA) conducted on
the Command Team Experimental Testbed (ComTET) versions of Sonar and Target Motion Analysis
(TMA). As the facility was reasonably new at the point of creation, work was ongoing to validate its
relative fidelity against the Talisman trainer at HMS Drake. It was decided to complete an additional
WDA on sonar and TMA Human-Machine Interfaces (HMiIs) in Talisman and compare them against
their counterparts to determine if there were appropriate similarities in how the domains
functioned (St-Maurice and Burns, 2018). The aim was to validate the fidelity, defined as the degree
to which a simulated environment matches its corresponding real-world environment (Alessi, 1988;
Gross and Freeman, 1997; Hancock et al., 2008; Roberts et al., 2020), of the ComTET Sonar and
TMA implementation that this thesis investigates. This was important to verify that results could be
generalised using relative differences, following the approach of using novice participants to help

increase statistical robustness (Walker et al., 2010c; Stanton and Roberts, 2019).

The term ‘relative differences’ is used in recognition of the different purposes of the facilities being
compared. The Talisman trainer is a high-fidelity submarine training facility where real-world
activities are conducted. This purpose was different to ComTET, which was an unclassified academic
research facility for researching new ways of working using representative systems. An example of
this would be the use of the TMA screen in ComTET, compared with the use of SMCS in Talisman
(Stanton and Bessell, 2014), a vastly more complex product, acting as a whole combat system.
These differences also influenced procedures used, which as with the interfaces, were designed to
be abstracted sub-set representations of their real-world counterparts, designed appropriately for
the experimental environment. Consequently, there was a difference in the precise nature of
activity between the facilities, but the building blocks remained the same; therefore, relative
deviations from baselines for each facility could reasonably be expected to be transferable. For
example, if co-locating operators in ComTET increased productivity in terms of task completion
(Roberts, Stanton and Fay, 2018; Roberts et al., 2019), this could reasonably be expected to show

increased productivity in Talisman (or other real-world environments).

Fidelity is not a monolithic construct, rather it is the interaction of different dimensions (Roberts et
al., 2020). Of specific interest for this chapter was assessing functional fidelity, defined as whether
critical aspects of an environment are modelled (Roberts et al., 2020), and how internal mental

models correspond to a task’s cognitive nature (Estock et al, 2006). Specific tasks were not
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Participants were offered £35 per day for expenses, pro-rated to the closest half-day increment if
they exercised their right to withdraw. They were also offered lunch and there were refreshments
available (tea, coffee, and various biscuits). All benefits were optional. Furthermore, some industry
participants could not avail of the £35 for expenses as they were being funded by their company.
This was a matter internal to each company, although no participant was excluded from being

offered all benefits.

9.2.2 Measures

This thesis has concentrated on Sonar and TMA operators and their interfaces, which readily
defined the roles to be included in the experiment. Sonar operators are key to maintaining the
submarine’s safety as this is often the primary sensor used. Combat system (a superset of TMA)
operators are recognised as a key driver for combat system operation (Hautamaki, Bagnall and
Small, 2005), enabling safety to be maintained. This defined the tasks for the experiment, with
participants being asked to construct a reasonable tactical picture. However, not all tasks were
chosen to be assessed, as this would be impractical and offer diminishing returns in assessing their
objective performance. Thus, it was decided to assess the following tasks, which were core to the

construction of a tactical picture (see Section 4.1.1):

— Tracker Assignment: Trackers assign an alias to a specific track that is used for all future
analyses. Little, if anything, can be achieved without trackers. Therefore, participants
should assign every trace a tracker, to ensure that they can assess it for inclusion in the
tactical picture.

— Contact Merging: Multiple trackers can refer to one entity and should be merged to reduce
participant workload. The merge process also increases the amount of information
available for TMA and can improve solutions. Consequently, participants should merge
trackers wherever possible to ensure they have the best possible data with which to
generate solutions.

— Solution Performance: Solutions form the tactical picture, which is a representation of the
submarine’s operating environment. It is vital that this is correct, as decisions are made
based on it. This affects all three of a submarine’s operating tenets (remain safe, remain
undetected, and complete the mission). Thus, participants should be entering the most

accurate solutions possible and assessing them for ongoing accuracy.

The above data was collected by the software, with each interface recording objective data during
scenarios. This included data about the submarine’s environment (entity position and velocity),

perceived tactical picture, and actions that operators took. As both interfaces recorded data using

216






Conclusions

Therefore, future work within the area would be encouraged to utilise more robust mechanisms
for collecting contributor data, and expanding on the data that is collected. If following the
experiment only approach recommended in Section 11.3.1.2, this would be through the collection
of ethics panel approved demographic data. Conversely, if future research was again project based,
it would be prudent to gain ethical approval for collecting demographic data for contributing
experts outside of specific studies in a structured manner, such as optional demographic
guestionnaires for attendees of feedback and review meetings. While this would not address the
possibility that some subject matter experts might still decline, it could positively drive participation
by becoming a pre-emptive part of the project, as opposed to a reactive request when input is

provided.

A more robust approach to organising, processing, and analysis data would be used. This could be
via an associative system, such as the NVivo coding approach used by Read et al. (2022).
Consequently, it would be possible to provide more detailed demographic information (i.e., “The
______simulator was designed using input from n = _ subject matter experts. _ were currently
operational submariners with _ years of experience. A matrix of contribution topics, organised by
role, is detailed in table _”). This approach could also be expanded to cover information gained by
osmosis, see Section 5.2.2.1, improving data provenance for more traceable construction of

analysis artefacts.

11.3.2 Taxonomy of Constraints

The taxonomy of constraints developed in Chapter 3 was created in response to identifying a gap
in the methodological practice after conducting the CWAs for Chapter 5, Chapter 6, and Chapter 7.
Consequently, it was fully developed after the analyses were approved by domain experts, after
being created using guidance from the supervisory team and literature on constraints that could be
expected to be found (e.g., Naikar, Hopcroft and Moylan, 2005; Jenkins et al., 2009; Read et al.,
2016). This input led to complete and comprehensive abstraction hierarchies, which contained the
expected categories of constraints from the taxonomy once it was finished. Section 5.2.2.1 stated
that this was expected owing to the involvement of an expert CWA practitioner, confirming what
Naikar, Hopcroft and Moylan (2005) commented on the process, in that being apprenticed to an
expert makes the process more accessible. In the context of this thesis, it meant that applying the
taxonomy to the finished analyses would have had limited, if any benefits, as the constraint
categories found had already been suggested by the experts. Consequently, the taxonomy was used
as a brief confirmatory checklist, instead of being fully integrated into the data collection method
in this instance. Future applications of the CWA method would incorporate the completed

taxonomy from the start, seeking to apply it fully to maximise its utilisation. While the inclusion of
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respectively, and CWA being a formative method. It is argued that these differences are what
enable subsequent designs to address unexpected and unfamiliar events (Naikar, Hopcroft and
Moylan, 2005). While the remaining stages of CWA are not intrinsically linked to EID, their
application is still warranted to account for the constraints they address (Mcllroy and Stanton,
2015b). Given that HTA (and EAST) does not operate in this manner, this is a limitation with regards
to the completeness of analyses applied. Future work in this area should seek to address this by
using a more robust battery of methods that are fully suitable for the problem being investigated,

without the use of substitutions.

The second is a missed opportunity to apply a “many models” approach. Salmon and Read (2019)
differentiated this approach from a traditional toolkit approach as being the application of multiple
methods to the same unit of analysis and behaviour, over investigating something different with
each. They proposed using five methods to examine systems and synthesise insights from them,
both individually and between them. Demonstrating the approach by utilising it to examine road
safety, they showed that insights could be enhanced over each method individually. Two of the five
methods are used in this research: CWA, and EAST. However, they were used discretely on different
units (the interfaces and control room respectively), albeit with synergistic aims. Consequently, the
full extent of possible insights might not have been realised from the analyses completed.
Furthermore, as a corollary of the first reason, insights from different perspectives (i.e., a formative
CWA vs descriptive/normative HTA) have not been applied to the problem, acting as a further
limiting factor. None of the insights derived by Salmon and Read (2019) were incongruent with each
other, suggesting that this is a completeness issue, rather than an invalidation issue. However, this
is not known to be generalisable, and given the safety-critical nature of Sonar and TMA, future work
should seek to evaluate in a complete a fashion as possible, a goal for which the many models

approach seems apt.

11.3.6 Real-world Applicability

This research was conducted in line with the aim of ComTET, which was a programme of work
designed to understand current ways of working in submarine control rooms and provide evidence-
based recommendations for meeting the challenges of future requirements (Roberts, Stanton and
Fay, 2015). The results and recommendations from this research have real-world applicability,
although not directly to current systems, owing to the level of fidelity used, discussed in Chapter 7.
Instead, they are designed as in-feeds to the design process that will be followed for the design of

next-generation design submarine platforms.
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However, any wholesale utilisation should be proceeded by validation of the taxonomy as discussed
in Section 11.3.2, namely improving the interrater reliability. Categorisation of CWA analyses could
also assist with this, as they are the pre-cursors to the EID designs of which the literature was
assessed to construct the taxonomy but were not included in the taxonomy version presented in
this research due to availability. This is recognised by Mcllroy and Stanton (2015b) in that the
outcome of CWA is often too voluminous for inclusion in journals. Consequently, incorporating data
from categorisation of source CWAs could yield a completely different taxonomy, especially if only
the most prevalent constraints are reported by authors in journals. Validation is anticipated to
change the social network characteristics of the taxonomy, but the approach of using the taxonomy

to drive analysis and yield design insights remains consistent.

11.5 Closing Remarks

Current submarine control rooms are capable, but this does not preclude further improvements.
Future requirements, such as more data or new sensors, for platforms are challenging
contemporary norms, which are an evolutionary product of historic constraints. These challenges
must be addressed to maintain effective performance. An evolutionary approach, combined with
Royal Navy professionalism, has consistently yielded adequate performance. However, an
increasingly complex global maritime environment and ever-increasing requirements is prompting
assessment of where improvements can be made. One area of improvement are the HMlIs. Their
design is vital for effective interaction between a boats advanced technology and highly trained
crew. Should this interaction be hindered, there exists a possibility for adverse situations, such as
the USS Greeneville or RN submarine accidents. However, despite their importance, they are still
designed with legacy constraint holdovers, a product of their evolutionary lineage. This thesis aimed
to understand if EID was a suitable design paradigm, documenting the design and analysis of an EID
called GIST to explore this. It is hoped that the demonstration of the benefits GIST provided as an
EID, combined with a detailed background on the impetus to change and suggestions on how to
enact such change in line with modern software principles, will serve to make change in future

submarine control rooms.
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