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Human-Machine Interfaces for Future Submarine Control Rooms: Graphical Integration 

of Sonar and Target Motion Analysis 

by 

Daniel Thomas Fay 

Submarine control rooms are an advanced product of evolution, but this does not 

preclude further improvements. Whilst the traditional process of incremental 

interface improvement has met requirements, an evolutionary design approach has 

unnecessarily retained older constraints, limiting contemporary designs. 

Consequently, future operational requirements may exceed a control room’s 

capacity to perform effectively, despite highly trained operators utilising advanced 

technology. This thesis explores the utility of Ecological Interface Design (EID) to 

address the issue, concentrating jointly on the Sonar and Target Motion Analysis 

(TMA) roles due to their prevalence in the control room. 

Two stages of CWA (Cognitive Work Analysis), Work Domain Analysis (WDA) and 

Worker Competencies Analysis (WCA), were completed for both roles to understand 

their operation, key design aspects, and shortcomings. This revealed actionable 

design insights, including investigating merging the interfaces. These insights were 

used to design a combined interface named Graphically Integrated Sonar and TMA 

(GIST), which is a novel application of EID and the roles (due to their merged 

application) in the literature. 

GIST was created using a proposed agile software process designed to help bridge 

the gap between CWA and EID implementation, adapting prevailing methods to 

integrate better with contemporary software engineering. Subsequent evaluation of 

GIST against contemporary Sonar and TMA interfaces in a repeated-measures 

Human in the Loop study indicated that EID was a suitable design choice for GIST, 



 

 

with statistically significant improvements observed in objective performance, 

subjective usability, and subjective workload. GIST was also evaluated against a User-

Centred Design Mashup interface as part of this study. This comparison revealed that 

subjective usability, subjective workload, and a tracker assignment (aliasing data) 

task were better in the Mashup. However, GIST had better solution positioning 

(where other vessels are in relation to the submarine). It was inferred that each 

interface had excelled at items linked to its design process (e.g., GIST was better at a 

task involving the submarine’s environment). Consequently, it was proposed that 

while the application of EID was beneficial over contemporary designs, a blend of EID 

and User-Centred Design might yield even better results than individually in future 

work. 

By demonstrating the benefit of EID applied to the problem of future submarine 

control room design, including merging the Sonar and TMA interfaces, and 

documenting how this could be achieved, it is hoped that this thesis will serve to 

inspire future change in submarine control room interface design. 
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 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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is applicable to submarine control rooms across the globe, where the principles discussed within 

this thesis are employed. 

1.1.1 Control Rooms 

The control room is a key aspect of submarine operation, utilising trained operators of different 

specialisms as well as advanced technology to understand the environment and how operational 

or strategic goals should be met (Hautamaki, Bagnall and Small, 2005; Stanton and Bessell, 2014; 

Stanton, Roberts and Fay, 2017; Stanton and Roberts, 2018). It is the predominant location for 

Command and Control (C2) in a submarine, housing the duty command team and control (sensor 

and systems) technology, which work in tandem to ensure mission success, whilst maintaining 

safety and covertness. A comprehensive environmental understanding is important for all 

submarine operations, from both safety (sea depth, commercial vessels) and tactical (covertness, 

achieving objectives) perspectives. Submarine control room capabilities are highly advanced, 

having progressed over several decades (Dominguez et al., 2006; Smith et al., 2013), but this does 

not mean improvements cannot be made (Stanton, 2014).  

Future operational requirements may require changes to ensure that submarines remain at the 

forefront of capability and maintain the safety of operations, especially in the control room. These 

challenges include: the need to remain covert to avoid detection in disputed waters, as this could 

lead to the deterioration of relationships between countries, increased tensions in the region, or 

conflict (Bateman, 2011); increased operation in littoral (close to the shore/coast) waters (Roberts, 

Stanton and Fay, 2017b); and becoming an information-orientated navy, where information is 

readily used as a tool and a weapon to meet given objectives (Stanhope, 2012). To achieve these 

aims, submarine platforms of the future will employ new sensors with improved capabilities 

(Duryea, Lindstrom and Sayegh, 2008; Roberts, Stanton and Fay, 2015), process larger volumes of 

data (Stillion and Clark, 2015), and likely utilise a greater number of displays (Chalmers, Easter and 

Potter, 2000). However, an increase in the volume of data presented to an operator may not be 

matched by their capacity to interpret the data effectively (Woods, Patterson and Roth, 2002), and 

information that is not appropriately representative of the work environment can place additional 

processing requirements on users (McIlroy and Stanton, 2015b). Simultaneously, there is a drive to 

reduce crew sizes (Masakowski, 2000; Ly, Huf and Henley, 2007; Stanton and Roberts, 2018), which 

could further increase the amount of data each operator has to process, and increase operator 

workload (Carrigan, 2009; Henley, Schmitt and Huf, 2013). These factors mean that operator ways 

of working must be a key consideration for any changes implemented, ensuring that operators 

benefit from capability advances, and are not burdened with unwarranted cognitive requirements. 
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1.2 Command Team Experimental Testbed (ComTET) 

The Command Team Experimental Test-Bed (ComTET) project aimed to understand current ways 

of working in submarine control rooms and provide evidence-based recommendations for future 

platforms that could be exploited to meet these future challenges (Roberts, Stanton and Fay, 2015). 

This would ensure that they remain at the vanguard of capability to enact the objectives of the RN. 

The project was designed as a lower fidelity facility than pre-existing facilities, such as trainers, 

enabling low-cost, agile, evaluation of new ways of working. A key underlying principle was the 

focus on recommendations over solutions; the aim was not to provide fully-fledged solutions to 

identified issues, but rather to furnish recommendations for further and more concrete (i.e., less 

abstract, and closer to real-world) evaluation in higher fidelity contexts. 

Recommendations were passed to the funding body (Defence Science Technology Laboratory; Dstl), 

which has subsequently evaluated them for suitability of inclusion within the fleet. This addressed 

any potential issues arising from the difference between the simulator and the real-world 

environment as potential issues can be remedied, or the idea could be assessed as unsuitable. The 

ComTET project strived for appropriate fidelity to ensure that the work was as transferable as 

possible, and a representative submarine control simulation facility was developed at the University 

of Southampton (UoS; Roberts, Stanton and Fay, 2015). Using this facility, data from novice (non-

submariners, trained for studies) and expert (Royal Navy submariners) teams was recorded and 

analysed to propose new and updated ways of working to stakeholders. Various avenues were 

explored, including different layouts (Stanton and Roberts, 2019), Submarine Tactical Operating 

Procedures (STOPS), and new Human-Machine Interfaces (HMIs; Fay, Stanton and Roberts, 2017; 

Fay, Roberts and Stanton, 2019). 

The ComTET simulator used a version of Dangerous Waters as the simulation software. Dangerous 

Waters is a naval simulator that is sold as a game. It was customised by Sonalysts to be more aligned 

with the operation of Royal Navy submarines, and this version was used in this thesis. The simulator 

was split into two main areas, the control room and the experimentation room (see Section 4.1.1.2 

and Figure 14 for a full description). The control room was a representative layout of a Trafalgar 

Class (T Class) submarine. However, exact measurements were not used to ensure the work 

remained unclassified. This was important as it allowed for a greater number of participants in 

studies, as novices, who were more numerous and readily available, could participate in an 

unclassified environment. The use of novices to understand relative differences in performance has 

been demonstrated to be appropriate (Walker et al., 2010c; Stanton and Roberts, 2019). A variety 

of recording mechanisms (webcams, camcorders, microphones) were placed throughout the facility 

to enable high-quality data capturing for subsequent analysis. The simulator was remotely 
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controlled from the experimentation room by researchers. This maintained immersion and ensured 

data integrity as much as possible. 

The work in this thesis was conducted by the author (and acknowledged sources of help) within the 

bounds of the ComTET project. While the project and thesis are interlinked due to shared funding 

and resources, they are distinct. The ComTET project focused on ways of working for command 

teams, conducting several studies to identify and act upon opportunities for improvement. This 

thesis concentrated on the development of new submarine control room HMIs to understand if 

new designs could be exploited to maintain their effectiveness for future requirements. This 

contrasts with other ComTET work, which largely focused on non-HMI changes. New designs could 

contribute to achieving the goals of future submarine control rooms (more sensors, more data, and 

reduced crew sizes) without overloading operators, potentially improving control room 

effectiveness and safety. Unless explicitly stated otherwise, work in this thesis was performed for 

the ComTET project using its resources. 

This research uses a sociotechnical systems approach, from its context in the wider ComTET (see 

Section 2.3.4), to appreciate the interactions between highly trained operators interacting with 

advanced technological systems in the control room. The term sociotechnical system was originally 

coined to describe systems incorporating complex interactions between humans and the 

environmental aspect of the work system (Baxter and Sommerville, 2010), citing Emery et al. 

(1960). A sociotechnical system can be further defined as the interaction of multiple social agents 

utilising technology for the completion of purposeful goal-directed behaviours (Walker et al., 2008). 

A submarine control room is an excellent example of a sociotechnical system, with multiple 

operators interacting as a team, utilising a variety of sensors to generate knowledge of the 

environment to safely complete mission objectives (Ly, Huf and Henley, 2007; Stanton, 2014; 

Stanton and Bessell, 2014). The social aspects of the system are formed by the command team and 

its structure, while the technical systems are comprised of sensor, information, and control 

technology. As each subsystem contributes to overall system goals, a poorly performing subsystem 

could reduce the entire control room’s effectiveness (Meshkati, 1991). This includes HMIs, which 

can be critical to success as they facilitate interaction between the human and technological aspects 

of the system (Walker et al., 2010b).  

1.3 Sonar and Target Motion Analysis Interface Shortcomings 

This thesis concentrates on Sonar and Target Motion Analysis (TMA) due to their prevalence in a 

submarine control room, and their direct impact on ensuring safety. A detailed exploration of their 

work is presented in Chapter 4. However, brief explanations of Sonar and TMA are provided below. 
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Sonar plays a vital role in submarine operations, allowing a command team to understand 

ownship’s (an alias for the boat a submariner is on) environment and proximity to other vessels 

without counter detection. This is achieved by detecting passive ambient sounds and performing 

analysis to understand what is emitting the sound and the behaviour of the emitter. Biological, 

natural, or mechanical movement with a body of water can create noise, such as the call of a whale, 

waves crashing, or a propeller rotating. This noise propagates through surrounding water and can 

be detected by a submarine's Sonar arrays. A Sonar array, or sensor, is a collection of hydrophones 

(underwater microphones) each receiving aural data from a specific direction (or a known direction 

from beamforming). This direction is called a bearing. As a hydrophone's direction is known 

(Solomon and Knight, 2002), the bearing a sound was heard from will also be known. The Sonar 

sensors (arrays) a submarine has installed, and their detection parameters differ, although they will 

generally have a bow (or spherical) array, a flank (or fin/sail) array, and a towed array. The bow 

array sits at the bow (front) of the submarine, the flank amidships (middle), and the towed deployed 

from the stern (back) from a wire spool (Baggeroer, 2005). The detected sound is shown to an 

operator for analysis, whereby they process signals of interest using a Sonar HMI to understand 

them. 

TMA contributes to the creation and maintenance of the tactical picture, processing information to 

build a clear picture of the submarine’s surroundings. This is vital to avoid collisions (Danczyk et al., 

2015), which can have catastrophic consequences (National Transportation Safety Board, 2001; 

Bateman, 2011; Marine Accident Investigation Branch, 2016). The data intensity arises as contacts 

must be sufficiently managed, ensuring each one has a valid and accurate solution using various 

available sources of data. When a sensor, such as Sonar or optronics, detects a vessel, it will send 

the bearing at which the detection occurred to TMA. This information is a ‘cut’, which manifests 

itself as a straight line on a TMA map. Cuts are repeatedly sent by sensors across time, allowing 

operators to understand where a vessel has been, and create a solution for it (Ince et al., 2009; 

Genç, 2010). A solution consists of bearing, course, speed, and range (Coll, 1994; Genç, 2010), 

allowing the command team to understand both a vessel’s location and behaviour. This information 

allows the command team to navigate safely and track contacts of interest (Murphy, 2000c; Mack, 

2003). A contact is an entity, such as a fishing vessel or carrier, that a command team has detected, 

requiring processing (Wang, 2016) to understand its location, disposition, and behaviour (Beevis, 

Vicente and Dinadis, 1998; Dominguez et al., 2006; Carrigan, 2009). 

The importance of Sonar and TMA is evidenced by the communications related to each forming a 

significant proportion of command team activities (Stanton and Roberts, 2018). As integral 

components of the submarine control room, the interfaces for these roles have been iteratively 

improved over time to meet the requirements of modern submarine operation, such as increased 
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frequency of operating in littoral waters (Schank et al., 2011). While successful in providing 

adequate functionality, it has been argued (Hall, 2012) that a redesign of these interfaces, instead 

of evolution from previous interface designs, could offer improved usability by capitalising on 

contemporary design paradigms. 

This is because the ability of HMI subsystems to affect entire control rooms’ operation has 

manifested itself several times; in several submarine accidents, HMIs or associated processes have 

been identified as a significant causal factor. For example, the National Transportation Safety Board 

(NTSB; 2001) investigation into the USS Greeneville incident highlighted the lack of a working 

Analogue-Video Signal Display Unit (AVDSU) as a critical failure which resulted in the submarine 

colliding with a surface vessel (Roberts and Tadmor, 2002). The purpose of the AVDSU unit was to 

provide repeated sonar (Sound Navigation and Ranging; Bj, 2011) sensor data to operators in the 

control room, and its failure reduced the availability of Sonar data. This contributed to the USS 

Greeneville being unaware of the fishing vessel Ehime Maru, causing catastrophic damage as it 

surfaced underneath.  

Similarly, the Marine Accident Investigation Branch (MAIB; 2016) identified an incorrect 

classification of the fishing vessel ‘Karen’ as a causal factor in an incident involving a Royal Navy 

submarine. This wrong classification meant that the submarine operated close enough to Karen to 

cause damage to her trawling nets and associated equipment on board. Sonar operators had 

inappropriately classified Karen as a merchant vessel. Subsequently, it was assessed to be further 

away than it was by Target Motion Analysis operators maintaining the tactical picture. This led to a 

loss of separation between the two vessels, during which time the submarine briefly interacted 

with Karen’s fishing nets. The accident report stated that whilst all systems were functioning 

properly, the command team (including Sonar) were cognitively overloaded and did not have 

sufficient time to assess contacts. Consequently, a potential opportunity to reassess Karen’s 

distance, avoiding the incident, was missed (Marine Accident Investigation Branch, 2016).  

These incidents demonstrate that HMIs are critical components of the control room system and 

their impact on safe operations and mission outcomes is not just theoretical. Despite decades of 

evolution to successfully meet the demands of today’s maritime environment, they highlight 

ongoing challenges and the need to ensure these are continuously met to maintain effective control 

room performance. Specifically, these incidents highlighted potential shortfalls in Sonar and Target 

Motion Analysis (TMA) HMIs, demonstrating that control room capacity could be maximised via the 

development of HMIs that reduce operator workload when gaining an understanding of and 

operating in complex environments. 
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1.4 Ecological Interface Design as a Step Change 

It is hypothesised that Ecological Interface Design (EID) is a suitable design paradigm to make such 

a step change. As will be comprehensively explained in Chapter 2, EID is a theoretical framework 

for designing Human-Machine Interfaces (HMIs) of a complex nature (Vicente and Rasmussen, 

1992) that aims to make the affordances and constraints of a system and its environment apparent 

to operators (Van Dam, Mulder and van Paassen, 2008). In doing so, operators’ innate perceptual 

and cognitive capabilities can be capitalised on, reducing cognitive demand, as well as workload. A 

simple example of this would be using colour to represent sea depth or using shapes to represent 

friend or foe status. These representations would be immediately more perceptible than 

representing that data in other formats, such as tables, or purely in text. This is not unique to EID, 

and HMI designers naturally seek to make their interfaces as accessible as possible for their 

intended users. However, what is unique to EID, setting it apart from other design methodologies, 

is its explicit focus on addressing the innate complexities of modern sociotechnical systems 

(Rasmussen and Vicente, 1989; Vicente and Rasmussen, 1992). 

This is achieved using Cognitive Work Analysis (CWA; Rasmussen, Pejtersen and Goodstein, 1994; 

Vicente, 1999b), a framework designed for the analysis of complex sociotechnical systems, with an 

emphasis on how work could be conducted (formative modelling; Naikar, 2013; Stanton et al., 2013; 

Stanton et al., 2017a). CWA differs from approaches that analyse what a system currently does 

(descriptive modelling) or what it should do (normative modelling; Stanton and McIlroy, 2012). It 

does so by creating an understanding of constraints that define and bound a system, using different 

stages to represent different aspects of a system. The outputs from these stages describe how work 

could be conducted in a task-agnostic fashion. They can be used to construct an EID that enables 

users to determine and structure their work within these bounds. A focus on constraints, instead 

of tasks/processes, ensures that design solutions are not bound to specific courses of action, and 

mechanisms to respond to novel and/or unexpected situations are appropriately provisioned. 

The ever-increasing complexities of modern sociotechnical systems, coupled with the 

unpredictability of all operational eventualities, can vastly diminish the practical ability of other 

approaches. This does not devalue these approaches, which have been demonstrated to yield their 

own benefits. However, EID distinguishes itself by recognising that not all operational eventualities 

can be planned for, and therefore operators should be facilitated in performing their tasks by 

situating them in an action state-space and providing them with autonomy to achieve goals (Vicente 

and Rasmussen, 1992; Borst, Flach and Ellerbroek, 2015). In doing so, operators gain an 

understanding of how the system works and can utilise this knowledge to reach their goals. Related 

to this is the provision of problem-solving information during unanticipated situations; if operators 
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understand how the system works, and have operating autonomy, they can address the situation 

without being pre-emptively bound by predetermined sets of information and action. 

1.5 Software Processes for Implementing Ecological Interface Designs 

The theoretical principles of CWA and EID and their application are well established. Several seminal 

works address the design gap between them to create an interface design (Burns and Hajdukiewicz, 

2004; Naikar, Hopcroft and Moylan, 2005; Read et al., 2018). However, there is limited literature 

that addresses implementing the interfaces as software artefacts. There is a distinction between 

the frontend design and backend model, and they must both be designed for software to work as 

intended. Therefore, there is an opportunity to add to the literature linking EID to software 

engineering. This is especially pertinent as modern software processes are cognisant of the 

complexities of modern work domains, with methods such as Agile (continuous design and 

implementation) becoming preferred over older methods such as the Waterfall Model 

(implementation from a design that was completed at the start). Additionally, software is designed 

to be as modular as possible, creating flexibility that could be exploited when iterating through 

multiple EID ideas; the underlying code representing a work domain could stay the same, with only 

the interface and interaction changing. However, for such ideas to be realised, the processes 

involved must be well-defined. This thesis presents a method for moving between an EID and a 

software product for testing, which was used to create the evaluated interface. 

1.6 Looking Forward 

The timing for this research is opportune, owing to planned future submarines, and the 

implementation of vastly more configurable software systems onboard compatible boats. These 

factors create a window of opportunity that this research intends to leverage to exact tangible real-

world benefits. Owing to submarine building lead times, there are opportunities to influence the 

design of future control rooms to best accommodate ComTET recommendations, including HMI 

recommendations made as part of this thesis. This is made achievable, in part, through 

contemporary software systems that facilitate modern software capabilities (see Chapter 3). This 

leverage is vastly increased by buy-in from various organisations, including the RN itself, providing 

an avenue of exploitation for recommendations. Whilst the control room is a relatively small 

component of an entire submarine, and the HMIs a sub-component of this, they are nonetheless 

integral components whose improvements will benefit the entire submarine. 
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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 HMIs. 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 HMIs, 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 HMIs 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: 

 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. 

 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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recommendations made, as it creates reproducibility for future iterations or application to entirely 

new systems. This also contributes to wider knowledge, as there is currently a dearth of literature 

addressing how this design gap is bridged with software engineering in mind. 

 Objective 3: Assessment of a novel Sonar and Target Motion Analysis HMI 

The final objective was to assess how novel Sonar and TMA EID HMIs impacted operator 

performance regarding usability, task accuracy, and workload. This took the form of a Human in the 

Loop experiment in the ComTET simulator. The results of the experiment were generally positive, 

supporting the assertion that EID would be suitable for submarine control rooms. In a wider 

context, this adds to the ever-growing body of EID literature detailing its application for a variety of 

purposes across several domains. 

1.7.2 Structure 

This thesis comprises the following chapters: 

Chapter 1 Introduction 

This chapter contextualised the research, highlighting how future requirements for submarine 

control rooms are necessitating changes to keep pace. The ComTET project’s main aim was to 

conduct statistically robust, repeatable, experiments to generate recommendations for the RN. A 

line of reasoning is put forth describing the impetus for investigating a step change in HMIs, which 

is the focus of this thesis. While the research presented in this thesis was conducted within the 

ComTET project, all main contributions are that of the author, unless otherwise specified. 

Chapter 2 Theoretical Underpinnings 

CWA and EID are based on theory which must be comprehended for their appropriate application. 

This chapter introduces these theoretical underpinnings, enabling comprehension of the principles 

followed in subsequent chapters. It focuses on presenting concepts integral to EID, the Abstraction 

Hierarchy (AH; an output from CWA) and the Skills Rules Knowledge Taxonomy. 

Chapter 3 A Taxonomy of Constraints 

The chapter builds on Chapter 2, presenting a systematic review of EID literature to create a 

taxonomy of constraints for use in CWA and EID. Literature was systematically collated through 

searches on multiple search engines and all mentions of constraints were coded. This coding activity 

informed a bottom-up synthesis of twenty categories present in the literature, which are presented 

with their top three constraints in each. Additionally, Social Network Analysis was applied to reveal 
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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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a waterfall-like visual effect (Asplin and Christensson, 1988; Matthews et al., 2006), see Figure 15d 

and Figure 15e in Section 4.1.1.4. Which is a prevalent mechanism for displaying and interacting 

with aural data, owing to the amount of data that can be presented in a compact format. While a 

common representation of Sonar data, it is pertinent to evaluate whether data could be 

represented in a different, better, format. The Local Operations Plot was selected for TMA, as this 

is one of the key mechanisms for entering solutions (data about where another entity is and its 

behaviour). The skills required to operate each station are presented as the output of a Worker 

Competencies Analysis. Combined, these outputs enabled the identification of design directions for 

both roles, feeding into the design process in Chapter 8. For Sonar, the recommendations focused 

on reducing operator workload and making information more readily available. The TMA 

recommendations were aimed at suitably introducing automation capabilities to assist operators 

with managing an increase in data, without degrading their ability to perform their role by 

themselves should the automation require their intervention of fail. 

Chapter 7 Validation Against the Talisman Trainer 

This chapter addresses the need to ensure that the simulator is fit for purpose. This is important to 

ensure that experimental results would accurately translate to a real-world context. A validation 

activity of the simulator versions of Sonar and Target Motion Analysis against their high-fidelity 

simulator equivalents is presented, showing the similarities and differences between the two. This 

established that the simulated versions are suitable for purpose, exhibiting a high degree of 

functional fidelity with a medium degree of physical fidelity. 

Chapter 8 Creation of Graphically Integrated Sonar and Target Motion Analysis 

This chapter presents a method for creating a software EID from the CWA outputs. It is practically 

applied to the outputs from previous chapters, detailing how they were translated into initial 

designs, which were then developed in a simulation engine. It explains how multiple aspects of the 

design were created. Following on from the creation description, an overview of the resultant 

interface, Graphically Integrated Sonar and TMA (GIST) is provided. This serves to familiarize the 

reader with the interface, but also to illustrate how the design directions, and underlying 

challenges, have been addressed. This chapter found that it was possible to link EID to software 

engineering processes, with a proof-of-concept application in the form of GIST. 

Chapter 9 Evaluation of Graphically Integrated Sonar and Target Motion Analysis 

GIST required testing against a contemporary baseline to establish how it affected operator 

performance. 45 participants took part in a study as individuals (as opposed to a team study), aimed 

at assessing how their objective performance and perceived subjective usability differed between 
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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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 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 (HMIs) 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; McIlroy 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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2.2.2 Rule-Based Behaviour (RBB) 

If-then mappings between familiar environmental perceptual cues and courses of action. 

Behavioural rules can be sourced from procedures, experience, instruction, or prior problem-

solving (Vicente, 1999b). This level of control is indicative of an intermediate performer, capable of 

utilising rules to determine a course of action. Information for this level of control is perceived as 

signs, which are arbitrary, but familiar, cues to initiate RBB. 

2.2.3 Knowledge-Based Behaviour (KBB) 

Full conscious control is dedicated to completing a task whereby no prior experience exists. This 

process is goal-controlled, with the goal formulated based on an analysis of the environment and 

the person’s aims. Courses of action are synthesised and evaluated against the goal to determine a 

course of action, making KBB slow and effortful. This level of control is indicative of a novice 

performer or performers faced with unfamiliar situations, requiring internalised models of the 

system, mental models, to problem solve. There are many different definitions of mental models 

(Revell, 2015). However, the definition adopted in this work is that of Johnson-Laird (1983; 1889), 

who defined mental models as dynamic representations or simulations of the world (Stanton and 

Young, 2000). Stanton and Young (2000) note that one’s picture of their working environment has 

a high degree of overlap with mental models. Brewer (1987) differentiates mental models from 

schema by defining schemas as “generic mental structures underlying knowledge and skill, whilst 

mental models are inferred representations of a specific state of affairs” (Stanton and Young, 2000; 

Revell, 2015). In the context of the SRK Taxonomy, this is interpreted to mean that the operator 

must construct, maintain, and utilise their mental model of the current environment to support 

their problem solving. Information for this level of control is perceived as symbols, which are formal 

structures, mental models, representative of the environment’s functional properties. These can 

be utilised to determine an appropriate course of action. 
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Figure 1 – The Skills, Rules, and Knowledge Taxonomy, adapted from Rasmussen (1983) and 

Waterson, Le Coze and Andersen (2017).  

2.3 Cognitive Work Analysis (CWA) 

CWA (Rasmussen, Pejtersen and Goodstein, 1994; Vicente, 1999b) is a framework designed for the 

analysis of complex sociotechnical systems. It focuses on how work could be conducted, known as 

formative modelling (Naikar, 2013; Stanton et al., 2013; Stanton et al., 2017a). By mapping 

constraints to define how the system could perform, it differs from approaches that analyse what 

a system currently does (descriptive modelling) or what it should do (normative modelling; Stanton 

and McIlroy, 2012). It has been applied across a variety of domains for a multitude of purposes, 

such as nuclear power, or medicine, (McIlroy and Stanton, 2015b; Stanton et al., 2017a), including 

specifically in the maritime command and control domain (Bisantz et al., 2001; Bisantz et al., 2003; 

Burns, Bisantz and Roth, 2004; Burns, Bryant and Chalmers, 2005). There are five phases to CWA, 

each designed to elicit different domain constraints: Work Domain Analysis (WDA), Control Task 

Analysis (ConTA), Strategies Analysis (StrA), Social Organisation and Cooperation Analysis (SOCA), 

and Worker Competencies Analysis (WCA). Depending upon the purpose of the analysis the 

appropriate phrases are selected (McIlroy and Stanton, 2015b). For HMI design, including EID, WDA 

and WCA can be used (Burns and Hajdukiewicz, 2004; Jenkins et al., 2009). Thus, these two stages 

were selected to use for the creation of the EID for this thesis and are described below. 

2.3.1 Work Domain Analysis (WDA) 

WDA (Rasmussen, 1985; Vicente, 1999b) assesses a system on multiple levels of abstraction to 

understand its constituent aspects and purposes for existing (Lintern, 2006). It describes constraints 
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governing the work domain (Jenkins et al., 2008a), which define reasons and resources for agent 

behaviour (Naikar, 2013). The levels of abstraction are described in Table 1. 

Table 1 – Description of abstraction levels present in Work Domain Analysis (Naikar, 2006; Stanton 

et al., 2017a) 

Level of Abstraction Description 
Functional Purpose A system's reason for existing, detailing its high-level aims or 

objectives. These exist for as long as the system exists. 

Values & Priority Measures Criteria for measuring if Functional Purposes are being addressed. 

Purpose-Related Functions Object-independent functionality necessary to achieve the Functional 

Purposes. These can be viewed as describing what Physical Objects 

and their Object-Related Processes are used for in a system (Miller and 

Vicente, 1998). Functions can affect Value & Priority Measures. 

Object-Related Processes The purpose-independent affordances and limitations of the Physical 

Objects to perform Purpose-Related Functions. They are immutable 

(cannot change) due to their dependence on Physical Objects; the 

properties of an object cannot change unless the object itself does. 

Physical Objects Objects within the system, which can either be corporal or ethereal in 

nature. 

The five levels of abstraction are represented as an Abstraction Hierarchy (AH), a diagram 

composed of horizontal rows of textboxes (nodes) to represent each level, with connectors linking 

nodes on adjacent levels. Connectors are called means-end links, revealing a node’s place within 

the system. A means-end link represents a ‘Why, What, How’ triad. Any given node is the ‘What’. 

Following connections upwards reveals ‘why’ the ‘what’ exists, and following connections 

downwards reveals ‘how’ the ‘what’ is implemented (Stanton et al., 2017a). This permits an 

understanding of why and how a given component affects the system, facilitating a better 

understanding of its operation. Figure 2 illustrates the concept of means-end links showing that the 

triad can move to any node on the AH to understand why it exists and how it achieves its aims. 
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Figure 2 – A representation of means-end links 

A sample AH for a kettle is shown in Figure 3, with each level labelled and the means-end links 

between levels illustrated. For each node, it is possible to determine why it exists and how it 

achieves this. A kettle’s main purpose is to provide hot water, which is represented at the Functional 

Purpose level. One level below, the Value & Priority Measures are outlined. Each of these are 

criteria that would be considered when determining if the kettle is providing hot water: Is the 

temperature hot enough and has it been heated in a reasonable time? Moving to the Physical 

Objects level at the bottom, each Physical Object is outlined. Some scoping has been performed, so 

as not to unnecessarily include items. For example, the infrastructure to provide water is not 

detailed. The affordances of these items are detailed on the Object-Related Processes level and are 

related to each object. An example of these properties can be seen in the kettle unit not providing 

power. To change this, the kettle object would have to be changed to one that does not use a 

separate base stand. Finally, the functionality that can be carried out to contribute towards the 

Value & Priority Measures is displayed at the Purpose-Related Functions level. The kettle can bring 

water to a boil, but this is independent of the Physical Objects and their Object-Related Processes; 

boiling water could be attained on the stovetop, in a microwave, or from a boiling-water tap system. 

Through presenting each level of abstraction, the kettle’s constituent aspects and purpose for 

existing can be understood. Furthermore, the constraints of the system can be understood; using 

means-ends links, it can be understood what effect the removal of a node would have on a system 

(Salmon, Carden and Stevens, 2018). For example, power is required to bring water to the boil, and 

that the base stand is used to do so. Thus, it is required for the kettle’s operation and its removal 

would negatively affect the system. 
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Figure 3 – A sample Abstraction Hierarchy for a kettle, showing levels and means-end links 

2.3.2 Worker Competencies Analysis (WCA) 

WCA categorises worker capabilities into different levels of cognition for the completion of 

available tasks within a system (Naikar and Elix, 2016). The modes of cognition are populated from 

the Skills, Rules, and Knowledge taxonomy. This can inform task distribution by facilitating an 

understanding of which tasks could be assigned to actors or could be automated. It is represented 

as a matrix of activities (rows) and cognition modes (columns), populated by how each activity 

would be completed using each cognition mode.  

Traditionally, activities are populated from information processing steps in a CWA decision ladder. 

Decision ladders (Rasmussen, 1974b) represent the flow of information processing steps taken by 

operators to complete tasks (Stanton et al., 2017a). However, it is possible to use Object-Related 

Processes from a WDA as well (McIlroy and Stanton, 2011; Stanton and Bessell, 2014). Stanton et 

al. (2017a) argue that this is more suitable when designing a system, as decision ladder construction 

requires knowledge of workflow, which would not be available before the system has been 

designed. Table 2 shows an example subset of a WCA for the kettle AH using the Object-Related 

Processes for the base stand Physical Object. It uses the headers and adapted associated definitions 

from the work of Stanton and Bessell (2014), who completed a WCA as part of a full CWA on a how 

a submarine returns to periscope depth. The SBB is typical of people with experience using a kettle 

and solving associated issues, and the RBB behaviour is steps that might be taken in response to 

certain situations whilst doing so. Both are likely to not require excessive cognitive effort. However, 

more cognitive effort might be expended for KBB to understand potential causal factors for the 

kettle not being powered as they must reason without the SBB experience. 
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Table 2 – An example WCA matrix for the affordances of the base stand in Figure 2, with headers 

and adapted associated definitions from Stanton and Bessell (2014) 

 Skill-Based Behaviour Rule-Based Behaviour Knowledge-Based Behaviour 

Observed behaviour of 
experts 

If-Then rules to identify if 
a task should be done 

Prerequisite knowledge / 
capability for novices to 
complete tasks 

Provide 
Power 

Understand other causes 
that may cause the kettle 
to not turn on, such as a 
blown fuse or power cut. 

If the kettle does not 
start, then check the 
power is on. 

Placing kettle on the base 
stand. 
 
Flicking the on button. 

Support 
Kettle Unit 

Inspection of both units 
to determine how to seat 
kettle. 
 
Inspection of both units 
to determine why kettle 
is not seated correctly. 

If the kettle is not sitting 
properly, then try 
adjusting the kettle’s 
position, or reseating it. 

Placing kettle on the base 
stand. 

WCA can be used to inform interface design, by informing design that supports novice, 

intermediate, and expert users (McIlroy and Stanton, 2011). Furthermore, it can inform shifting KBB 

into SBB or RBB, reducing cognitive workload during interface use (Morineau et al., 2009). Cognitive 

workload can be defined as the relationship between task demands placed on an operator, and the 

capacity of the operator to meet them (Michailovs et al., 2022), citing Parasuraman, Sheridan and 

Wickens (2008). KBB can also indicate if a task could be automated (Stanton and Bessell, 2014). For 

example, automation could be designed by removing routine SBB and RBB responsibilities from an 

operator, or similar tasks could be consolidated for an operator to perform. 

2.3.3 Justification for not using other stages 

EID was initially conducted and prescribes (Burns and Hajdukiewicz, 2004; King, Read and Salmon, 

2022) using only WDA (Rasmussen, 1985) and WCA (Rasmussen, 1983). It has since expanded to 

use all subsequent stages of CWA, although this is not prevalent within the literature, with only 

29.31% of reviewed applications utilising a combination or subset of WDA, WCA, and the SRK only 

(McIlroy and Stanton, 2015b). They, along with others (Jenkins et al., 2008a; Stanton et al., 2017a; 

Simon et al., 2022), advocate for the use of the remaining stages to analyse the system in more 

detail, which should lead to a more considered interface from using the additional information. A 

brief description of each remaining stage and the constraints that they identify is described in Table 

3, adapted from (Vicente, 1999b; Jenkins et al., 2008a; Stanton and Bessell, 2014; Rauffet et al., 

2015). 
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Table 3 – Description of remaining stages of CWA 

Stage Analyses Representation 
Control Task Analysis (ConTA) 
 
Consideration of recurring activities within a system, 
independent of the actor and strategy. Represents 
activity as intersections between functions and 
situations. Intersections are situational constraints, 
determining whether work is mandatory, possible, or 
impossible (McIlroy and Stanton, 2015b). 

Decisional and 
Situational Constraints 

Decision Ladder (DL) 
 
Contextual Activity 
Template (CAT) 

Strategies Analysis (StrA) 
 
Details different methods for executing the same task 
(Stanton and Bessell, 2014). 

Strategy Constraints 
to Achieve System 
Goals 

Ahlstrom (2005) flow 
diagrams (McIlroy and 
Stanton, 2015b). 

Social Organization & Cooperation Analysis (SOCA) 
 
Actor attribution for who can perform activities, and in 
which situations (McIlroy and Stanton, 2015b). 

Functional Allocation 
Constraints 

Actor colour coding 
for artefacts from 
other stages, such as 
the WDA (SOCA-
WDA), CAT (SOCA-
CAT), and DL (SOCA-
DL) 

The inclusion of each stage is not absolute and should be reflective of the constraints present within 

the system (Burns and Hajdukiewicz, 2004; McIlroy and Stanton, 2015b). These types of constraints 

are present within the submarine control room, and so were considered as part of the design 

process in this thesis. However, the stages of CWA above were not utilised owing to other analyses 

being conducted within ComTET that could provide the requisite information, either alone or 

combined with others. This is congruent with the literature, where supplemental methods for CWA 

are used (McIlroy and Stanton, 2015b) and encouraged (Burns and Hajdukiewicz, 2004). From a 

practical standpoint, it is well-known that CWA is a time-consuming and resource-intensive method 

(Rehak, Lamoureux and Bos, 2006; Stanton et al., 2013; Stanton and Bessell, 2014; Read et al., 

2018), and analysis replication would have been detrimental to project completion. Thus, a decision 

was made to utilise the other methods to derive the information required in lieu of completing 

these stages.  

The first is Hierarchical Task Analysis (HTA; Annett and Duncan, 1967), which is a method for 

describing a system in terms of its goals in a hierarchical manner (Stanton, 2006; Salmon et al., 

2010). The approach is more directed than CWA, although there is still variance in how it is 

conducted. Generally, however, it takes the appearance of a top-down tree of sub-goals originating 

from a singular top-level goal. Leaves in the tree are not a procedural list of operations, rather they 

are sub-goals (Annett and Stanton, 2000). They are structured by their contribution to a common 

super-ordinate goal (i.e., contribute to its completion), and are assigned plans that detail execution 

strategies. 
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HTA differs from CWA in that it focuses on system goals over the constraints present within a system 

(Salmon et al., 2010). Constraints are defined by Vicente (1999b) as relationships between, or limits 

on, behaviour. A full treatment of this definition is provided in Section 3.2.3. Goals are defined as 

dynamic state targets to be met by actors at a given time-point (Vicente, 1999b). This difference is 

explored in detail by Salmon et al. (2010), who argued that while they have differing approaches, 

their division is not clear-cut. The DL, an artefact of ConTA, presents activity completion strategies, 

with some literature focusing on goals. While there are clear differences in theoretical 

underpinning, it could be argued that this permeation between the methods could be exploited for 

utilising HTA output through a CWA theoretical lens. For example, it could be possible to use HTA 

as source material for ConTA and/or StrA. While there is a dearth of literature on such a possibility, 

McIlroy and Stanton (2015b) indicated that the methods can be combined for use in EID by 

highlighting such examples in the literature. For example, Segall et al. (2013) used a HTA to identify 

plans and strategies in their study examining anaesthesia crisis management. Upton and Doherty 

(2008) also used HTA to supplement WDA, taking additional steps to decouple task descriptions 

from the existing system they were redesigning. Therefore, while not widespread in the literature, 

there is evidence to support using HTA as a mechanism for understanding decisions and strategies 

is viable. 

The second utilised was Event Analysis of Systemic Teamwork (EAST; Walker et al., 2006; Stanton, 

Baber and Harris, 2008; Walker et al., 2010a), which is a multi-network method for distributed 

cognition representation in sociotechnical systems (Young et al., 2007; Walker et al., 2010a; 

Stanton, 2014). The three networks are task, information, and Social [Network Analysis] (SNA; 

Driskell and Mullen, 2004). It incorporates normative methods such as HTA, but differs in that it 

specifies what happens (over what ‘should’ happen) (Walker et al., 2010a); this is achieved by 

observations, such as watching scenarios being completed in trainers. Rather than representing 

tasks as part of a linear process, they are instead represented as a non-sequential representation 

of the strategy being executed (Stanton, 2014). This bears a similarity to CWA’s StrA in that it would 

be possible to visualise the different strategies one could employ to reach a designated state. This 

builds upon HTA’s similarity by also providing an awareness of the affective constraints, such as 

close-quarters contacts in a return to periscope depth scenario, as described by Stanton (2014). The 

social network is constructed by analysing information flow (namely communications) between 

actors (both social and technological) to construct a matrix of their communications (actors as 

headers, with intersections populated by their directed communication counts). This can then be 

used to visually represent communications between each different actor in graph format. The 

information network is constructed from the transcripts used for the social network analysis. 

Concepts are identified in the communications, and these are linked with other concepts through 
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proximity, such as appearing in the same sentence together. Stanton (2014) argues that this 

accounts for distributed cognition as the network represents information relationships to both 

agents and tasks, accounting for holistic system phenomena. 

Individually, these networks reveal substantial information about a network. However, it is their 

combination where the value of EAST is demonstrated. This is demonstrated in the submarine 

domain by Stanton (2014) who combined various models in their description of a submarine 

returning to periscope depth safely. Of specific interest is the assignment of actors from the social 

network to the nodes of the information and task networks. If these networks can be related back 

to CWA, then the application of agents could be utilised as SOCA. By examining which agents can 

complete the tasks identified, it becomes possible to understand functional allocation constraints, 

which are required for CWA. This proposition is supported by the work of Baber, Stanton and 

Houghton (2017), citing Pfautz and Pfautz (2008), who examine how SNA could be conducted using 

a SOCA-CAT. 

To summarise, while the artefacts from the use of HTA and EAST as part of ComTET and their exact 

purposes are outside the scope of this thesis, their outcomes were used as supplementary analyses 

to CWA. The stages used, WDA and WCA, are theoretically required for EID (Rasmussen, 1983;1985; 

Burns and Hajdukiewicz, 2004; King, Read and Salmon, 2022), so there is no detriment in adherence 

to the method. While there are differences between the other stages of CWA, and HTA/EAST used 

to replace them, the literature supports both their use as ‘surrogate’ artefacts that can be used. 

The differing theoretical approaches does create a limitation over using all stages of CWA, although 

limited resources made it a prudent option. 

2.3.4 Accounting for Sociotechnical Systems Theory 

Sociotechnical is the interrelatedness between the social and technical, as introduced at the end of 

Section 1.2 to describe the submarine control room. Its theory consists of two main principles 

(Walker et al., 2008).  The first is that the interactions are instrumental to success or failure. This 

applies to the system as a whole, as for poorly performing sub-systems, which can reduce holistic 

performance (Meshkati, 1991). Interactions in the system can either be linear cause-and-effect 

relations, or more complex non-linear relationships, which can be unpredictable and unexpected. 

Walker et al. (2008) argued that optimisation of one aspect of a sociotechnical system over another 

can introduce more of the latter relationships, which can be detrimental to performance. 

Consequently, they defined sociotechnical theory as concerned with methods of joint optimisation, 

designing for systems exhibiting open systems properties, allowing them to better handle 

environmental complexity, dynamics, new technology, and competition. von Bertalanffy (1950) 
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defines open systems as those that are not self-contained, having a ‘permeable’ boundary that 

permits outside interaction and changing of components. Conversely, closed systems are sealed, 

with all activity taking place internally. 

The submarine control room is a complex sociotechnical system (Stanton and Bessell, 2014). This 

thesis employs CWA and EID, both methods designed for such systems (Chalmers, Easter and 

Potter, 2000; Ly, Huf and Henley, 2007)/(Kilgore and Voshell, 2014). The argument for EID is made 

in Sections 2.4  (definition and use over User-Centred Design), and 4.2 (applicability to submarine 

control rooms), and the method acts as a central focal point for the research. However, this 

research was an open system and incorporated aspects from ComTET, where sociotechnical 

systems theory was used extensively. This means that while the theory was not a central tenet of 

this research, it was used to conceptualise, contextualise, and understand submarine control room 

operation. 

The primary thrust of ComTET was human in the loop experimentation, using a new streamlined 

version of EAST (Roberts, Stanton and Fay, 2018; Stanton and Roberts, 2019), to examine the results 

from a sociotechnical systems theory standpoint. This was achieved by applying social network 

analysis metrics to each network to quantify macro effects of changes (Stanton and Roberts, 2020). 

Firstly, a baseline was established to examine current ways of working across a variety of scenarios 

(Roberts, Stanton and Fay, 2017b; Stanton, Roberts and Fay, 2017; Roberts, Stanton and Fay, 2018; 

Stanton and Roberts, 2018). This established an understanding of how tasks were completed in the 

control room, and core information concepts, including their passage around the control room, and 

temporal delays (Pope, Roberts and Stanton, 2019). The experiment revealed that there was a 

bottleneck in communication between supervisory operators for Sonar and Target Motion Analysis, 

which was an important bridge for effective control room operation. 

A subsequent experiment aimed to address this bottleneck by applying a joint optimisation to the 

system by co-locating Sonar and Target Motion Analysis operators with the aim of improving their 

communication and access to each other’s information (both held in their mind, and on their 

screens; a technical agent) (Roberts et al., 2019; Stanton and Roberts, 2019; Pope et al., 2020; 

Stanton and Roberts, 2020). This study also examined the effect of removing one operator from 

each team. It was revealed that the bottleneck was addressed, and afforded greater productivity in 

terms of task completion, even in conditions with reduced operator counts (Roberts et al., 2019). 

This led to a final study, where all operators were arranged in a novel, inwards-facing, circular 

configuration (Stanton et al., 2020b). This revealed that more information was shared, with less 

communication, indicative of information communication efficiency. As with the previous study, 

there was an increase in task completion. 
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All these results, driven by sociotechnical systems theory, influenced this research. The baseline 

work was vital to understanding current issues with submarine control room design, and the 

component diagrams of the resultant EAST diagrams established the foundations of the interface 

designs in this thesis. The identified bottleneck reinforced the notion that Sonar and Target Motion 

Analysis were suitable roles to investigate for this research, as information was not optimally 

flowing. While a social issue, identified from the social networks, the operators use technical 

agents, see Section 4.1.2, to complete their work. Thus, the principle of joint optimisation was 

utilised to improve the interfaces along other measures, aiming to provide operators with updated 

technology to exploit the increased capability. Similarly, the principle of co-locating operators used 

in the second experiment lent credibility to the notion that the interfaces could be utilised by a 

single operator (i.e., “Why are operators not provided with their own copy of this interface, instead 

of relying on their neighbours?”). This then opened the avenue of exploration for merging the roles, 

as it was illogical to not enable individuals to take advantage of the tools for use in their own work, 

instead of being able to view the information, but relying on others to complete tasks designed 

around old practices. 

In summary, sociotechnical systems theory formed the core of ComTET research, driving 

investigations into how work in the submarine control room could be optimised. The results of the 

ComTET experiments, especially the baseline, were utilised to drive this research forward. 

However, this was through using the insights gained, as opposed to direct application of the 

methods applied here. While this contextual link is not made explicit throughout, it served as 

confirmation of the problem explored within, and is complimentary to the methods directly 

employed to design the interfaces to investigate a resolution.  

2.4 Ecological Interface Design 

EID is a theoretical framework for designing Human-Machine Interfaces (HMIs) of a complex nature 

(Vicente and Rasmussen, 1992), making the affordances and constraints of a system and its 

environment apparent to operators (Van Dam, Mulder and van Paassen, 2008). Constraints are 

defined by Vicente (1999b) as relationships between, or limits on, behaviour (Salmon et al., 2010). 

The framework is based on Rasmussen’s Skills Rules Knowledge (SRK) Taxonomy (Rasmussen, 1983) 

and Abstraction Hierarchies (Vicente, 1999b; Jenkins et al., 2009). In this context, ecology refers to 

the reflection of the actual environment, maximising ecological validity (Brunswik, 1956). This is 

achieved by inferring distal variables from proximal variables (King, Read and Salmon, 2022), 

therefore making visible the invisible (Vicente and Rasmussen, 1987). Distal variables are objective 

representations of state, and proximal variables are sensory inputs received from an environment 

(an organism’s ecology) (Vicente and Rasmussen, 1987). Brunswik (1957) believed that distal 
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variables could not be perceived directly, and that they must be perceived through imperfect (i.e., 

probabilistic) proximal variables (Vicente and Rasmussen, 1987; King, Read and Salmon, 2022). 

However, Gibson (1979) argued that users could directly perceive the environment without 

intermediary processing, viewing their environment in a goal-oriented manner (Rasmussen and 

Vicente, 1989) (Vicente and Rasmussen, 1987). EID capitalises on this direct perception by 

representing the work environment and possible affordances directly to users, reducing 

unnecessary cognitive processing (Gibson, 1979; McIlroy, 2016). The aim is to transition cognitive 

tasks into perceptual tasks, making invisible or imperceptible aspects of the work domain visible in 

a virtual ecology, such that they can be appropriately acted upon at the lowest possible level of 

cognitive control (Van Dam, 2014; Cravens, 2021). 

EID has two objectives, not forcing cognitive processing to a higher level than tasks require, and 

supporting all levels of cognitive control described by the SRK Taxonomy (McIlroy and Stanton, 

2015b). It has been shown to improve performance compared to traditional (non-EID) systems 

(Vicente, 2002), increase work domain transparency (Van Dam, Mulder and van Paassen, 2008), 

reduce workload (Nielsen, Goodrich and Ricks, 2007), and reduce memory requirements (Lau and 

Jamieson, 2006). Given the synergistic goal for both EID and a submarine command room of 

understanding environmental constraints, it is posited that the framework would be suitable and 

could potentially address issues identified with current HMIs. 

Reduction of cognitive demand is achieved by displaying physical and functional information from 

the AH in an ecological manner, allowing the HMI to take advantage of human perception and 

psychomotor abilities (Dinadis and Vicente, 1996). Traditional HMIs only present physical 

information, whereas EID presents functional information in addition. In a HMI, physical 

information represents and describes the status of system components and Functional interface 

information is representative of system structure as well as its constraints (Pawlak and Vicente, 

1996). This can lead to better performance than either alone (Torenvliet, Jamieson and Vicente, 

2000; Vicente, 2002), which could combat the issue Woods, Patterson and Roth (2002) identified 

of increased control room data potentially exceeding an operator’s capability to effectively process 

it; operators would be able to process more data, without compromising their ability to do so. 

Each SRK taxa correlates to an EID design principle, supporting behaviour based upon it (Vicente 

and Rasmussen, 1992): Skill-Based Behaviour (SBB) requires that an operator should be able to 

manipulate the interface directly, with objects being isomorphic to what they represent, Rule-

Based Behaviour (RBB) requires a consistent one to one relationship between signs and constraints, 

Knowledge-Based Behaviour (KBB) requires that the work domain is represented as an AH, 

providing an external mental model to support knowledge-based problem solving. Support of 
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different levels of cognitive control is achieved by observing these design principles, and facilitating 

innate response mechanisms (Vicente and Rasmussen, 1992), such as recognising red as dangerous 

or understanding the environment from looking at a tactical picture. The design process can be 

informed by semantic and attentional mapping processes (Watson and Sanderson, 2007). These 

are defined by Zestic et al. (2019) as mapping perceptual forms to information to display 

information in a meaningful way, and directing attention at appropriate times using appropriate 

methods, respectively. By implementing design principles in HMIs to provide support for operators 

of different skill levels and cognitive requirements, there is a potential to make them easier to use, 

which could have usability as well as performance benefits for the entire control room. 

2.4.1 Types of Domains 

There are multiple potential domains of application for EID, each with their own idiosyncrasies, 

processes, and challenges. Rasmussen, Pejtersen and Goodstein (1994) developed a continuum for 

the categorisation of these domains, based on the nature of the events expected to occur (Bennett, 

Posey and Shattuck, 2008). Law-driven (also known as causal) domains, based on a system’s 

physical structure and functionality, are one end of the continuum. In these domains, highly trained 

and frequent users respond to demands originating from the domain itself. An example domain 

would be process control, which is largely driven by physical laws. At the other end of the 

continuum are intent-driven domains, in which events arise from a user’s intentions, goals, and 

needs. Users tend to interact with these domains, such as information searching, on a more casual 

basis, with their skills, training, and knowledge being more heterogenous. Rasmussen (1999) links 

the domain continuum to constraint types, discussing how the structure of a work domain will in 

turn affect the types of constraints, and whether they are intentional or casual. Thus, it is vital to 

understand how a domain is categorised, to understand what constraints will be pertinent to 

creating an interface that is suitable for its representation. Pertinent to this understanding is that 

no system is purely causal or intentional, but rather influenced by both ends of the continuum in 

varying degrees (Burns, Bryant and Chalmers, 2005); one should not pre-emptively omit constraints 

based on a domains perceived position on the continuum. This is demonstrated in a review by 

Bennett and Flach (2019), who found that the domains EID had been applied to were predominantly 

mixed. 

Talcott, Martinez and Stansifer (2007) and Bennett and Flach (2011) highlight that for domains on 

either end of the continuum there are differing optimal design methods. For law-driven (causal) 

domains, analogous visual displays should be developed, utilising geometric forms representative 

of domain constraints, such as the work of Vicente (1991b). For intent-driven domains, spatial 

metaphors should be developed, relating interaction requirements to familiar concepts and 
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activities, such as the work of Pejtersen (1992). However, the optimal design method for 

intermediate domains is less clear, due to the equal requirement from both ends of the continuum 

(Bennett, Posey and Shattuck, 2008). Domains in this category include military command and 

control, and computer network defence (Bennett, 2014), as they are constrained by physical 

equipment capabilities and also the intentions of other actors within the system. This includes the 

submarine control room, which is driven by a variety of factors from both ends of the continuum, 

such as the: laws of physics for sonar, limitations of technological processing, command team 

structure, application rules and regulations, and goals of the submarine at any given time. Thus, 

designs for submarine control rooms, Sonar and TMA in this thesis, a mix of design approaches 

should be utilised, in line with the work domain being mixed. 

2.4.2 Why not User-Centred Design? 

This thesis uses EID and associated theory (WDA, WCA, and SRK Taxonomy) and explores their utility 

for updated Sonar and TMA HMIs. However, EID is not the only viable option for achieving the goal, 

with other methods available, such as User-Centred Design (Norman and Draper, 1986; Norman, 

1988), Human-Centred Design (HCD; Norman, 2013; International Organization for Standardization, 

2019), and Activity-Centred Design (ACD; Norman, 2013), which all have a focus on the user and 

their activities over their work environment. Whilst any of these methods could have been selected, 

their principles and context in which they are applied is vital to their efficacy. Consequently, it was 

prudent to examine if EID, focusing on the work domain, was appropriate. Perhaps one of the most 

popular methods above is UCD (Saffer, 2010; Chammas, Quaresma and Mont’Alvão, 2015; Hasani 

et al., 2020). It originated from Donald Norman’s research laboratory, becoming widely used after 

books introducing the concept (Norman and Draper, 1986; Norman, 1988). This section will explore 

the reasoning behind selecting EID over UCD in the context of submarine Sonar and TMA. However, 

it is important to note that EID is not designed to replace UCD, but rather compliment it (Burns and 

Hajdukiewicz, 2004; Kwok, 2007), an approach which is explored in Chapter 10. In this respect, the 

discussion in this section is designed to advocate for the use of EID within the context of the 

research goal – that is, to design novel Sonar and TMA interfaces that are capable of future 

requirements. 

UCD is a prevalent design approach (Vredenburg et al., 2002). It makes the user a core consideration 

of design (Williams, 2009), focusing on effective usability from their point of view to meet their 

needs and interests (Abras, Maloney-Krichmar and Preece, 2004), including them at all stages of 

the design process (Williams, 2009; Kleiner et al., 2015). This benefits the user(s) by focusing on 

them and the activities that they are seeking to complete, orienting subsequent designs such that 

they are accessible, understandable, and have predictable outcomes. By contrast, EID is oriented 
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around the assumption that the environment drives user behaviour, and designs for this (Kwok, 

2007). While the users are still involved, likely through subject matter expert input to CWA artefact 

creation and validation (Burns and Hajdukiewicz, 2004; Naikar, Hopcroft and Moylan, 2005), their 

input is not as significant as with UCD. 

However, Burns and Hajdukiewicz (2004) argue that asking users to co-design might not yield the 

requisite information in the first place for two reasons. The first is that even very experienced users 

might not be aware of how the entire domain works and would provide information from their own 

perspective. The second is that users might not be aware of the constraints that underpin their 

domain. Without explicit elicitation, as with CWA, these might not be accounted for in the redesign, 

even with user involvement. This is reminiscent of the XY problem in technical support, where 

questions are about the end-user's attempted solution (Y), over the problem itself (X). Applied to 

awareness of domain constraints, users might be aware of what actions they need to take, but the 

underlying constraints that drive them. Consequently, any derived solution would be bound by the 

remnants of design choices (Y), over the constraints that should actually drive these (X). Rather, 

they advocate for the constraints to be discovered first, and designing a system to account for this. 

As will be discussed in detail in Section 4.1.1.4 and Section 4.2, the systems being discussed in this 

thesis, especially Sonar, are a product of evolution as a measure of risk avoidance. This runs the risk 

of anchoring user input to pre-existing designs with UCD, over examining how they could be 

changed using EID, within the work domain’s constraints identified by users.  

Another factor to consider is that operators are highly trained and experienced; they know how to 

use their HMIs, and they know how to complete tasks using them. The application of UCD could 

yield usability or performance improvements. However, without an explicit focus on the 

environment and constraints, these vital considerations may be omitted from the analysis and 

design (Davies, Burns and Pinder, 2006). As the factors are demonstrable key factors in submarine 

control room operation, it would be remiss to choose a design method that did not explicitly 

consider them. A UCD approach may improve task efficacy, although focuses on certain well-

defined tasks (Burns, Kuo and Ng, 2003). Submarine accident reports have shown that novel and 

unanticipated events that degrade performance of the control room sociotechnical system are 

typical causes (see Section 1.3). There is no possibility of managing to account for every situation 

that a submarine might encounter in the future to design tasks around, and guessing is not 

appropriate (Burns and Hajdukiewicz, 2004). However, there is a possibility of providing users with 

the ability to assess their situation and act appropriately, a capability which must be appropriately 

designed for, especially where a user’s ability to improvise might outperform automation solutions 

(Chalmers, Easter and Potter, 2000; Van Dam, Mulder and van Paassen, 2008). 
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The importance of handling non-routine events is exacerbated by the increasing use of automation. 

In complex sociotechnical systems, such as a submarine control room, technology can 

autonomously perform routine activities, leaving operators to largely act as knowledge workers, 

and to handle nonroutine as well as unanticipated situations (Vicente, 2002). These situations can 

range from mundane disturbances requiring a work-around a few times an hour (Norros, 1996) to 

extremely sporadic catastrophic events. Few theoretical frameworks explicitly address worker 

adaptation in response to these situations (Vicente, 2002), which can have disastrous outcomes if 

not handled correctly. 

Again, this is a clear advantage of EID over focusing on well-defined tasks; no matter how well-

crafted the interface is, by virtue of concentrating on pre-defined tasks, problem solving is bounded, 

which could preclude successful adaptation to novel events (Naikar, Hopcroft and Moylan, 2005). 

This corresponds with a review of maritime autonomous surface ships by Dreyer and Oltedal (2019), 

where unanticipated undesired events were identified as a design challenge. They argued that is 

impossible to design for all potential scenarios, and therefore design focus should shift to providing 

appropriate design resilience, citing (Ahvenjärvi, 2016; Wróbel, Montewka and Kujala, 2017;2018).  

EID is well poised to address this, as it has a core premise of promoting an understanding of the 

system to users to enable them to use, manage, and diagnose a system effectively to understand 

their work domain to plan and execute tasks in a goal-oriented manner. This contrasts with 

traditional user- and task- focused approaches, which place their focus on the operator and the 

completion of specified, well-defined, tasks (Vredenburg et al., 2002; Burns, Kuo and Ng, 2003; 

Naikar, Hopcroft and Moylan, 2005) to achieve the same aims. This approach limits flexibility to 

model the work of operators where it is driven by behavioural variability and emergent behaviours 

arising from sociotechnical systems (Vicente, 1995; Chalmers, Easter and Potter, 2000). 

Consequently, while there would be merit in improving the individual tasks that operators may 

choose to complete to achieve their goals using UCD, this might not have sufficiently addressed the 

need to handle the multitude of situations that would need to be designed for, especially if they do 

not exist yet. This necessitates an ecological approach, as software should not be built on models 

incongruent with how the real-world functions based on programmed case-by-case event handling, 

but rather a holistic ecological domain analysis to ensure adaptation for new work constraints (Man 

et al., 2018). The “new” aspect is particularly important when considering that this research is 

designed for an environment that is not fully defined yet and is likely to be a fast-moving objective. 

It was the change in work, moving operators to a centralised location for remote vessel control, 

that led Man et al. (2018) to argue for an ecological approach as conventional designs could not 

just be copied (Dreyer and Oltedal, 2019). While submarine interfaces are exceptionally well 

designed, this does not preclude changes to improve them (Stanton, 2014). Given that future 
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requirements are likely to fundamentally change the work completed by submariners, it would be 

appropriate to avoid replicating current interfaces, albeit with generational improvements, and 

move towards an ecologically aware approach. 

Furthermore, there is evidence across the literature that EID also yields several benefits during 

routine situations, which should account for the majority of a system's operating time. Burns, Kuo 

and Ng (2003) identified three main benefits of using EID over other interface methods such as 

UCD: a model of system functioning allows critical information to be identified, a display structure 

can be derived from the system’s structure, and operators typically demonstrate faster, more 

accurate, problem diagnosis behaviour. These benefits are achieved by representing work domain 

information as physical and functional information, which allows the interface to take advantage of 

human perception and psychomotor abilities (Dinadis and Vicente, 1996). It is not possible to 

explicitly confirm the alternative approaches used for these ‘traditional’ interfaces outside of 

literature that explicitly identifies them, such as Harre (2019) and Harre and Lüdtke (2018) stating 

that User-Centred Design (UCD) was a conventional approach in their research. However, given the 

popularity of UCD (Vredenburg et al., 2002), and its derivative methods (HCD and ACD), it would 

not be illogical to consider them as physical Information only interfaces, and thus conventional from 

the standpoint of EID literature. No matter how well a submarine interface has been designed, if 

functional information is not included, then something has been ‘left on the table’, as using both 

can lead to better performance than either in isolation (Torenvliet, Jamieson and Vicente, 2000; 

Vicente, 2002). EID includes this information, allowing the HMI to take advantage of human 

perception and psychomotor abilities (Dinadis and Vicente, 1996), which could address the ongoing 

challenge of ever-increasing data threatening to exceed an operators capability (Woods, Patterson 

and Roth, 2002; Dominguez et al., 2006). 

In the context of sociotechnical systems in complex work domains, the benefits of EID over 

traditional interface design methodologies are evident. Capitalisation on an operator’s innate 

psychomotor capabilities to enhance performance and facilitate system understanding during 

routine operations is a clear benefit. However, where EID truly distinguishes itself is a core principle 

of utilising these benefits to serve a modern requirement for knowledge workers in complex 

sociotechnical systems, in addition to supporting work adaption in nonroutine, and potentially 

catastrophic, situations. Thus, the choice of EID over UCD was made to align with the principles of 

submarine control room operation, where there is a significant focus on understanding the 

submarine’s environment through observation to understand the constraints of action in a 

multitude of complex and unforeseen situations. 
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2.5 Conclusion 

This chapter introduced the underpinning theory for the thesis, covering the SRK Taxonomy, CWA 

(focusing on WDA and WCA as precursors to EID), and EID itself. EID is a design method for complex 

sociotechnical systems, aiming to make the constraints and affordances of a work domain apparent 

(Van Dam, Mulder and van Paassen, 2008). Taking an ecological approach (Brunswik, 1956) to 

representation, EID provides users with HMIs that allow for direct perception of their environment 

without intermediary cognitive tasks where possible (Gibson, 1979) to support goal-oriented 

behaviour (Rasmussen and Vicente, 1989). 

It builds on the SRK Taxonomy (Rasmussen, 1983; Rasmussen and Vicente, 1989), which classifies 

perception and response to different categories of tasks (Drivalou and Marmaras, 2009). The aim is 

to support all levels of the SRK Taxonomy (McIlroy and Stanton, 2015b), primarily enabling 

operators to utilise SBB as much as possible, reducing their cognitive workload. This benefits them 

for routine operations, but also frees up cognitive capability to handle non-routine, unexpected, or 

novel events. 

EID also builds upon WDA (Rasmussen, 1985; Vicente, 1999b) and WCA to understand the 

constraints which define and bound the work domain. The outputs of these analyses are used to 

inform the EID design. Physical and functional information from the AH (WDA output) is included 

in the design and how it is organised. While traditional interfaces typically only present physical 

information, EID interfaces include functional information, the combination of which can lead to 

better performance than either alone (Torenvliet, Jamieson and Vicente, 2000; Vicente, 2002). The 

WCA informs design decisions to ensure that all user skill levels are accommodated for, and that 

behaviour across the SRK Taxonomy is supported. 

This chapter also presented the reasoning for choosing EID over UCD, a prevalent design approach 

(Vredenburg et al., 2002). It was argued that while UCD could improve the Sonar and TMA HMI, 

choosing EID would be better suited to the challenges posed. Key to this was EID’s focus on 

supporting goal-oriented behaviour within bounds of possibility, as opposed to focusing on specific 

tasks, providing required flexibility to address the multitude of situations that would be 

encountered, and especially those that would not be conceived at design. That is not to discount 

UCD as a suitable approach to yield improvements however, rather that EID was chosen as it 

explicitly accounted for the challenges identified for the redesign of Sonar and TMA. 

Contemporary sociotechnical systems continue to advance in capability and complexity, with ever-

increasing benefits. These benefits are realised by enabling the social and technical components of 

these systems to leverage each other; technology provides vast processing capability and humans 
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can provide intelligence, adaptability, and creativity. However, all usage eventualities cannot be 

accounted for, especially as these systems continue to expand in remit and complexity. EID helps 

to address this by concentrating on bounding the work domain using constraints that users can 

operate within to achieve their goals. Despite constraints being key to EID, there is not currently 

literature that presents what types of constraints have been found across the literature for others 

to use in their own systems analysis. Chapter 3 addresses this issue, detailing the creation of a 

taxonomy of constraints across the EID literature to support analysis activities. 
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 A Taxonomy of Constraints 

3.1 Introduction 

Chapter 2 introduced the theory of Ecological Interface Design (EID), which explicitly recognises 

that there are multiple solutions to control problems in complex sociotechnical systems and 

concentrates on facilitating operator autonomy within a constrained action state-space (Borst, 

Flach and Ellerbroek, 2015) to achieve required goals. This fundamental contribution of constraints, 

shaping an operator’s action state-space, makes them an integral aspect of EID and its underlying 

theory; without proper representation and comprehension of constraints, operators may select 

improper courses of action, or be unaware of any violations.  

Therefore, this chapter further explores constraints, undertaking a systematic literature review to 

build a taxonomy of constraints that are present in the literature itself that can be used for systems 

analysis purposes when completing Work Domain Analysis (WDA) and/or an EID design. The 

taxonomy represents an additional tool for analysts, either standalone or to be used with other 

concepts for practitioners to enhance their methodological process. To the author’s knowledge, no 

current approaches to undertaking CWA or EID incorporate a taxonomy of constraints sourced from 

the literature in their approach, and no such taxonomy is forthcoming in the literature. There is also 

a dearth of literature showing how constraints are connected and the strength of these 

connections. Social Network Analysis (SNA) was therefore applied to reveal how different 

categories of constraints were connected, making it possible for practitioners to identify if they 

should explore other types of constraints if they are finding constraints of a linked category. Overall, 

the taxonomy is designed to be used by practitioners to maximise elicitation of constraints for a 

given work domain. 

Maximising understanding the constraints of a given work domain is vital, as violations of 

constraints can create the potential for catastrophic outcomes (Rasmussen and Vicente, 1990), 

such as the Three Mile Island incident or the Ladbroke Grove rail crash, in which broken constraints 

were fundamental causal factors. For Three Mile Island, the constraint violation was the loss of 

sufficient coolant such that safe system operation could be maintained, exacerbated by a design 

flaw that did not alert operators that they were in a situation where they had violated this 

constraint (Hopkins, 2001). For Ladbroke Grove, the constraint violation was the passing of a signal 

at danger (Cullen, 2001). In both instances, the violation of a constraint in the work domain led to 

an accident occurring, demonstrating that constraints are an integral aspect of sociotechnical 

systems. However, the impact of constraints is not limited to the critical path for accidents; 
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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; McIlroy 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 McIlroy 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; 

McIlroy 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: 

• Had no full text available. 

• Existed as another source with a different name. 

• Did not use English. 

• Had unresolvable gaps in required bibliographical information, making it impossible to 

identify a source, and subsequently access full text. 

• 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. 
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Figure 4 – The distribution of source types from the systematic literature search 

 

 

Figure 5 – Line chart showing the number of sources remaining at each stage 
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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 
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it was describing (e.g., a table of constraints, a list of constraints, a paragraph that introduces 

constraints and then details specifics without repeating “constrain*”). This was completed 

manually as the automated feature in NVivo did not work as expected for the purposes required. 

This resulted in the prose associated with the matched reference to “constrain*” to be coded. As 

an example, consider the fictional sentence from a paragraph “… . The operators were constrained 

by time. …”. The search would have returned the word “constrained”, and the context would have 

been the surrounding paragraph. Relevant context for each match, typically the smallest selection 

of sentences possible, was manually coded to a “Constrain* Context” code. Exclusion criteria at this 

stage were mentions in the bibliography, which were not coded. Once complete, the “Constrain* 

Context” code contained 173 journal articles and 1,833 references to review for specific types of 

constraint. The reduction in files was due to the exclusion criteria and the reduction in nodes from 

“constrain*” codes that were co-located in contexts (i.e.: one context contained multiple matches 

from the search for “constrain*”). 

3.2.3 Definition of a Constraint 

At this point, it is pertinent to detour slightly to understand how a constraint is defined across the 

literature, and whether this is aligned with the definition provided by Vicente (1999b), which was 

relationships between, or limits on, behaviour (Salmon et al., 2010). This is pertinent as the 

taxonomy will be based on constraints identified in the literature, which should have congruent 

definitions to Vicente to best comply with the underlying theory. 

There are two prevailing definitions of constraints across the literature: that constraints are the 

product of relationships between variables, or that they are the limits and boundaries placed on 

individual variables. However, the definitions are not dichotomous across the literature. Segall et 

al. (2013) specified that single variables in the work domain served as a basis for defining single-

variable constraints, with upper and lower limits being used as bounds. In addition to single variable 

constraints, multivariate constraints were defined between two or more variables that could be 

expressed as equations. This is similar to other joint definitions (Jamieson and Vicente, 2001; 

Mazaeva and Bisantz, 2014; Flach, 2017), which identify limits as being simple constraints and 

relations forming complex constraints. Furthermore, Bennett and Flach (1992) also describe 

multivariate relations as being constraints (high-level constraints) and identify single variables (low-

level data), but without reference to constraints. Instead, these are two opposite ends of a 

continuum of increasingly complex relations (properties or constraints) that categorise system 

states.  
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Table 4 provides a summary of these definitions, grouped by their type. As can be seen, there are 

many different definitions for constraints. However, they all have a relational aspect in common, 

where what is being constrained is related to the boundaries created by any number of variables, 

an equation, or requirement(s). This is congruent with the definition provided by Vicente (1999b), 

providing confidence that the definition of a constraint has been upheld from the originating 

literature. 

Table 4 – Definitions of constraints across the literature, modified for British English spelling and 
brevity 

 Author(s) Definition 

Re
la

tio
ns

 Flach, 
Stappers and 
Voorhorst 
(2017) 

“The construct of affording is intended to draw attention to relations that 
constrain action possibilities.” 

Vicente and 
Rasmussen 
(1992) 
 

“First, when the system is functioning correctly, it can be described by a set of 
constraints…. These relationships can be described as constraints.” 
“This relationship provides a very important source of constraint that can be 
exploited in problem solving.” 

 Bennett 
(2017) 

“… the abstraction hierarchy, provides a complementary dimension for modelling 
domain constraints in terms of “means-ends” relations…” 

 Bennett, 
Posey and 
Shattuck 
(2008) 

“It provides a template, …, that can be used to categorize the critical characteristics 
(sometimes referred to as the relational invariants, constraints, …, or means-ends) 
of a domain.” 

 Flach (2017) “representing the functional meaning or deep structure of a work domain in terms 
of a hierarchy of 5 layers of constraints that reflected both the top down relations 
between function and form … and the bottom up relations between form and 
function …” 

 Vicente 
(1992) 

“These constraints describe the redundant relationships that exist between 
process variables at a single point in time.” 

 Effken, Kim 
and Shaw 
(1997) 

“The major constraints shown describe the structural relationships, or 
connectivity, of the system.” 
“… designers must (a) identify relevant process variables in the task, (b) organize 
those elements so that their relationships correspond to higher-order system 
constraints, …” 

 Effken (2001) “If not, then the experts evaluate the constraints on SVO2, such as the relationship 
between the patient's oxygen delivery and oxygen consumption (a higher order 
variable).” 

 Talcott, 
Martinez and 
Stansifer 
(2007) 

“The abstraction (means-ends) and aggregation (part-whole) hierarchies are 
analytical tools that have been developed to discover the constraints (i.e., the 
relational invariants) of a work domain.” 

 Shier et al. 
(2018) 

“The WDA previously developed [7] showed relationships between variables and 
the variable constraints…” 

Li
m

its
 Burns, 

Bryant and 
Chalmers 
(2005) 

“These constraints show the limits on the information that can be sensed and 
processed by the ship.” 
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Drivalou 
(2005) 

“Through it we identified constraints related to the capabilities and limitations of 
the operators’ cognition…” 

 Ellerbroek et 
al. (2013b) 

“Together with the velocity vectors, the horizontal and vertical SVEs relate to the 
safety goal, by showing how internal constraints (available power, structural limits, 
etc.) limit possible velocity vectors.” 

 Ellerbroek et 
al. (2011) 

“For flight in general, comfort poses constraints such as upper limits on manoeuvre 
accelerations.” 

 Vernon, 
Reising and 
Sanderson 
(2002) 

“Constraints are boundaries that distinguish what is physically or procedurally 
possible or desirable from what is impossible or undesirable. Constraints may be 
mechanical limits or physical limits, or they may be safety boundaries.” 

 Van Dam, 
Mulder and 
van Paassen 
(2008) 

“Limitations to aircraft performance (constraint at physical level), such as 
maximum and minimum values for aircraft velocity, can be applied. Due to 
productivity (a more functional workspace constraint), the heading change is 
limited to 90◦ port and starboard…” 

 Olsson and 
Lee (1994) 

“Operation is constrained by: 
Maximum and minimum operating limits on the evaporator pressure…” 

 Naikar and 
Sanderson 
(1999) 

“The functional structure of a work domain may be illustrated in an abstraction 
hierarchy (AH)” … “Each layer identifies different kinds of functional constraints; 
the upper layers identify intentional or purposive constraints, and the lower layers 
identify physical constraints.” 

Bo
th

 Mazaeva and 
Bisantz 
(2014) 

“Then, a set of constraints, or performance capabilities and limits, for each variable 
was identified, such as maximum and minimum limits for exposure or graininess… 
Some constraints involve relationships between several variables…” 

 Jamieson 
and Vicente 
(2001) 

“Also visible on both Paulsen displays are constraints imposed by physical or 
relational limitations…” 

 Flach (2017) 
 

“In addition, however, regulatory and other pragmatic constraints are considered 
at this level to the extent that they place limits or bounds on system performance. 
Physical constraints are typically represented at this level as algebraic or 
differential equations.” 

 Segall et al. 
(2013) 
 

“Variables identified in the work domain model were used as a basis for defining 
constraints and to guide the display design process. For example, single variable 
constraints usually place upper and lower bounds on a variable. Information on 
such constraints can be used to display ranges of scales, determine alarm limits, 
and so on. Multivariate constraints are relationships between two or more 
variables that can be expressed as equations… Finally, means–end relationships 
describe the implication of one variable in the value of another.” 

 Bennett and 
Flach (1992) 

“The term low-level data refers to the measured values of individual process 
variables. In contrast, the term high-level constraints refers to relations that exist 
between these process variables.” 

3.2.4 Constraint List Synthesis 

After all contextual prose for each search match had been coded, the specific constraints were 

coded. All prose coded as “Constrain* Context” was read, and constraint codes were added where 

a specific type of constraint was mentioned, where factors constrained other factors, and where 

context otherwise dictated (constraints in tables, constraint types not necessarily near the 
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“constrain*” highlight, etc). A small number of constraints were excluded from coding, due to being 

descriptors, or referring to experimental method constraints. 

3.2.5 Category Generation 

Coding all types of constraints in the literature yielded a list of 904 types of constraints that 

appeared in the 1,833 pieces of prose coded to review. To make this list more manageable for 

analysis, they were grouped into categories. Categories were flexible and not limited in number. 

The categories were not preconceived and were driven by the identified constraints. An iterative, 

bottom-up, approach was taken to group constraints together into groups. As many similar 

constraints existed, such as ‘time’ and ‘temporal’, these were first grouped together and given a 

generic name, such as ‘temporal’. Once immediately similar constraints had been grouped, further 

iterations sought to add related constraints to groups, such as adding ‘schedule’ to the ‘temporal’ 

group. At each iteration, constraints were added to the existing categories if they were suitable. If 

a suitable category did not exist, a constraint was temporarily skipped, and a candidate new 

category was kept in mind until a few related constraints could be identified and given a group 

name. This process continued until all constraints were categorised. 

The final list contained twenty categories of constraints, of which three contained subcategories. 

These were included in their parent category in the taxonomy, as they were a subset of their parent. 

Figure 7 presents the sum of coded files in each top-level category, with categories containing an 

average (M) of 54.10 files (SD = 32.04). The categories are detailed in Table 6, which lists the 

categories in descending order by the number of articles coded to them. The top three nodes for 

each category are listed, based on the number of files they appear in, with examples of the category 

from the literature. In cases where the third place is tied between several nodes, it was decided by 

the reference count. Should this not have separated them, third place was omitted. 

 
Figure 7 – Sum of Files Coded for Each Category 
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3.2.6 Inter-rater Reliability 

Inter-rater reliability was conducted with another member of the research group, who had a 

background in Psychology, with one year of experience in Human Factors. They were provided a 

copy of the NVivo project with all constraints removed from categories, and a table containing a list 

of definitions. They were provided with a list that consisted of the Top 10% and bottom 5% of 

constraint types across all codes. This was to explore the effect, if any, on agreement with 

constraints that had more literature to define them. Additionally, they were asked to select a 

further 5% of nodes to code themselves, based on their education and experience. The additional 

rater was asked to categorise the nodes into categories using NVivo and make a note of where 

constraints could have fit more than one category, as NVivo does not permit a code to be in multiple 

categories. For these constraints, they were determined to be a match if at least one category 

chosen matched. Cohen’s κ was calculated for each category and overall using SPSS. The results are 

shown in Table 5, which shows that for all categories but the bottom 5% a moderate level of 

agreement was observed using the categories of agreement defined by Landis and Koch (1977). 

Table 5 – Results of inter-rater reliability for the constraints taxonomy using Cohen's κ 

Group N Cohen’s κ Agreement Category p 

Bottom 5% 46 .307 Fair < .001 

Random 5% 45 .426 Moderate < .001 

Top 10% 92 .476 Moderate < .001 

Total 202 .496 Moderate < .001 

Uncalculatable* 19 N/A N/A N/A 

* SPSS reported that “no statistics were computed due to constants”, a 

message shown when there is no variability between rater scores (IBM, 

2020). 
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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) 

Notes/Examples 

Top 3 Concepts (Files / References) Description 

Work Domain / Environment (120/591) 1. Work Domain (103/376) 
2. Physical (37/93) 
3. Functional (17/31) 

Constraints regarding the work domain and its environment, excluding the system itself. 

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) 
2. Purpose (19/25) 
3. Design (Of System) (15/29) 

Constraints directly related to the system, including its affordances, function, structure, 

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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Category (Files / References) 

Notes/Examples 

Top 3 Concepts (Files / References) Description 

1992), restrictions on achieving its purpose and associated design constraints (Leveson, 2000), and the ecological constraints of a domain (Naikar et al., 2003). Design (Of 

System) constraints appeared to be the result of prior analyses that shaped a systems design (Leveson, 2000), including the outputs from CWA (Niskanen, 2018), and 

how design choices might affect further choices (Read et al., 2016). 

→ Limits, Capacity, Restrictions (24/48) 1. Locomotion Capabilities (7/11) 
2. Performance Limitations 

(Aircraft) (6/11) 
3. Operating Capacity (3/3) 

Factors that indicate the limits, capacity, and restrictions of a system. This also includes 

alarms or other notifications. 

Locomotion Capability constraints spanned domains such as interface design (actions being possible based on capabilities; Flach, Stappers and Voorhorst, 2017), eco-

driving (road grip; McIlroy and Stanton, 2015a), and RLX design (wheel-rail interface; Read et al., 2016). Performance Limitation (Aircraft) constraints were largely physical 

(Borst et al., 2006; Borst et al., 2008; Van Dam, Mulder and van Paassen, 2008), but also included productivity requirements and passenger comfort (Ellerbroek et al., 

2013b). Operating Capacity constraints were physical, being constrained by pump curves (ranges of pressures and flow rates for nuclear power plant pumps; Lau et al., 

2008), transformer feeding line capacity and compatibility (Drivalou and Marmaras, 2009), and power transmission flows (Tran, Hilliard and Jamieson, 2017). 

→ Entities (15/29) 1. Traffic (10/33) 
2. Aircraft (6/19) 
3. Weapon (3/6) 

Entities that form a system, are part of a system, or are the system. Different to actors 

and agents as could be entities they are controlling, or not have sentience themselves 

(i.e.: artefacts). 

As domains associated with these entities are quite prevalent throughout the literature, this is expected. Traffic constraints were present for the road (McIlroy and 

Stanton, 2015a), rail level-crossing (RLX) design (Read et al., 2016), and air (Ellerbroek et al., 2013b) domains. Aircraft constraints related to the aircraft and its sub-

systems (van Marwijk et al., 2011), with extensive detail being provided in some cases (Borst et al., 2006; Klomp et al., 2016; van Paassen et al., 2018). Weapon constraints 
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existed in the maritime (Burns, Bryant and Chalmers, 2005), unmanned vehicles (Calhoun et al., 2018), and military domains (Bennett, Posey and Shattuck, 2008), mainly 

concentrating on law-driven constraints regarding a weapon’s capabilities. 

Decision Making, Goals, and Action 

(106/493) 

1. Goal-Relevant (18/37) 
2. Strategies (For Activity 

Execution) (16/20) 
3. Process (15/30) 

Constraints affecting or describing the decision-making process, the goals to be met, and 

actions executed because of this. It aimed to capture constraints related to the decision-

making process that were not solely tied to the operator and their cognition. These 

constraints were placed under the operator category. 

Goal-Relevant constraints were largely mentioned as a generalised collective (Vicente, 1992; Vicente and Rasmussen, 1992; Xu, Dainoff and Mark, 1999), and some made 

links between display aspects and operator goals (Dinadis and Vicente, 1999). Similarly, constraints on strategy consisted of generalised collectives (Jamieson, 2007), and 

mentions of work domain strategies, from Strategies Analysis in CWA (Watson and Sanderson, 2007; Jenkins et al., 2010b). Process constraints were typically referred to 

as a generalised collective, with references to process variables (Bennett and Flach, 1992) and higher-order constraints that constricted processes (Bennett and Flach, 

1992; Pawlak and Vicente, 1996; Effken, Kim and Shaw, 1997). 

Operator Characteristics & Cognition 

(96/355) 

1. Cognitive (30/47) 
2. Behaviour (20/26) 
3. Decision Making (20/35) 

Constraints that are part of, or describe, the characteristics and/or cognitive processes 

and capabilities of the operator. 

As cognition is vastly encompassing, including a variety of factors, it is expected that cognitive constraints was a high-level catch-all to refer to them in most cases (Naikar 

et al., 2003; Watson and Sanderson, 2007; McIlroy and Stanton, 2015b; Man et al., 2018). Behavioural constraints are similarly generic and encompassing (Vicente and 

Rasmussen, 1990; Rasmussen, 1999; Sanderson et al., 2004; Naikar, 2017). Finally, decision-making constraints follow the same generic pattern (Trentesaux, Moray and 

Tahon, 1998; Effken, 2001; Araujo, Davids and Serpa, 2005; Flach, 2017). 
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Measurable Parameters (73/251) 1. Information (36/51) 
2. Relationships (Between 

Variables) (20/48) 
3. Variables (9/12) 

Constraints associated with data, information, variables, and metrics. It does not include 

the processes associated with transforming data into information, and information into 

knowledge, rather what can be measured within the system, like the concept of a variable 

in computer programming. These processes were included in other nodes, such as 

Operator Characteristics & Cognition or Representation and Perception; this was to keep 

this category as aligned to the questions of “what can be measured about the system?” 

as possible. 

Information constraints were either references to information that might be present (Effken, 2006; Jenkins et al., 2008b) or constraints on information itself (Flach and 

Dominguez, 1995; Burns, Bryant and Chalmers, 2005). Constraints concerning the relationship between variables were largely derived from descriptions of the work 

domain, likely involving WDA, such as: aircraft and surrounding traffic (Ellerbroek et al., 2013b); camera exposure and focal length (Mazaeva and Bisantz, 2014); and, 

nuclear condenser pressure and condensate temperature (Lau et al., 2008). Relationships were also drawn between variables and their perceptual forms on an interface 

(Bennett, 2017; Bennett, Bryant and Sushereba, 2018). Also, as identified above, these relationships were in some cases termed work domain constraints themselves 

(Segall et al., 2013; Mazaeva and Bisantz, 2014). Discrete variables were mentioned as computing variables (Wright, Mathers and Walton, 2013), the result of an equation 

on data (Vicente, 1992), or, as identified above, work domain constraints (Effken, Kim and Shaw, 1997; Seppelt and Lee, 2007). 

Energy, Mass, Forces (71/279) 1. Energy (15/46) 
2. Temperature (10/18) 
3. Mass (8/8) 

Constraints related to energy, mass, and forces. This included the laws of nature, energy 

flows, and energy in action. 
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References to energy constraints were largely made in a practical sense whilst discussing the work domain, such as during flight (Amelink et al., 2005; Borst et al., 2008), 

power grid management (Tran, Hilliard and Jamieson, 2017), and process control (Vicente, 1992). Similarly, temperature constraints were also largely mentioned in a 

practical fashion, pertaining to the domains of petrochemical (Jamieson and Vicente, 2001), process control (Ham, Yoon and Han, 2008), and nuclear (Lau et al., 2008). 

Finally, mass followed suit, with domains including process control (Vicente, Christoffersen and Pereklita, 1995) and petrochemical (Vicente, 1999a). 

→ Laws of Nature (41/80) 1. Causal (Laws of Nature) (13/24) 
2. Inherent (11/14) 
3. Invariant Constraints (8/10) 

The laws of nature. 

Causal constraints were mentioned as the laws of nature (Rasmussen, 1999), physical laws (Borst, Flach and Ellerbroek, 2015), and the structure of a process (mass, 

energy, information, value flows; Vicente, 1996). Inherent constraints were less encompassing and referred to those naturally present in the work domain itself, providing 

examples in for air traffic management (van Paassen et al., 2013), spacewalking (Feigh et al., 2018), and military command and control (Talcott, Martinez and Stansifer, 

2007). Invariant constraints were similar, being used to describe relationships in the environment, as well as action and effect (Waterson, Le Coze and Andersen, 2017), 

global goals of a nuclear power plant (Vicente and Rasmussen, 1990), and using the AH, as a key component of EID, to identify the invariant work domain constraints for 

process control (Ham, Yoon and Han, 2008). 

Analysis & Design of System (62/175) 1. Work Domain Analysis & 
Abstraction Hierarchy (32/62) 

2. High Level (12/24) 
3. Cognitive Work Analysis (7/16) 

Constraints arising from the system analysis, which can feed into the design process. As 

CWA is used to analyse a system for EID, it, and its constituent stages, were the primary 

nodes included. These nodes do not include the constraints arising from performing a 

CWA analysis, but constraints on the process itself and constraints related to it. 
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Work Domain Analysis & Abstraction Hierarchy constraints largely described the hierarchy itself (Flach, 2017), including what purposes WDA was deemed to have across 

the literature (Durugbo, 2012), and/or presented a WDA that described the domain (Salmon et al., 2007). This category would be useful for exploring whether any prior 

analysis has been done, or for gathering feedback on the analysis under construction. High-Level constraints were discussed across papers similar to “intentional” 

constraints, using it to refer to a group of constraints (Bennett and Flach, 1992). However, high-level constraints were typically explained in extensive detail to inform 

the reader of the work domain (Leveson, 2000; Ellerbroek et al., 2013b). Similar to WDA and AH constraint category, the Cognitive Work Analysis category presented 

CWA (Jiancaro, Jamieson and Mihailidis, 2014) and discussed results from individual stages (Jenkins et al., 2008a; Jenkins et al., 2010b). 

→ Analysis Considerations (13/13) 1. Access to End-Users and subject 
matter experts (3/3) 

2. Trial order (2/2) 

Factors that could constrain the analysis and design of the system. These factors do not 

belong to the system itself, but to the analysis and experimental process associated with 

evaluating or implementing a new or improved system. 

Access to the subject matter experts (Hettinger, Roth and Bisantz, 2017) and their availability (Naikar et al., 2003) were issues that could hamper or limit analysis. Trial 

order constraints referred to experimental design restrictions during EID trials (Vicente, 1992; Vicente, Christoffersen and Pereklita, 1995). 

Technology (61/175) 1. Technology/ Technical (20/35) 
2. Design (Of Interface)/ Interface 

(9/14) 
3. Sensor (8/9) 

Constraints relating to technology, including hardware and software. Whilst certain 

nodes, such as software, could be considered agents, this would be contingent on the 

scope of CWA analysis, whereas it would always be technology. 

Technology constraints existed across varied across domains including technology (Jenkins et al., 2010b), military (Jenkins et al., 2008a), and electrical grid + energy (Tran, 

Hilliard and Jamieson, 2017). Specific constraints included software that would work with music devices (Jenkins et al., 2010b), networking advances enabling airborne 

collaborative working (Jenkins et al., 2008a), as well as screen size and resolution (van Paassen et al., 2013). Design (Of Interface) constraints were present across a 
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smaller number of domains, and included constraints introduced by design requirements (Vernon, Reising and Sanderson, 2002) and display screen size (Miller, 

Scheinkestel and Steele, 2009). Sensor constraints were largely military based, such as law-based sensor constraints (Bennett, Posey and Shattuck, 2008), type of sensor 

(Calhoun et al., 2018), as well as a sensor’s range and coverage (Fay, Roberts and Stanton, 2019). 

Organisational (56/157) 1. Organisational (including “Social 
Organisational”) (16/31) 

2. “Operations” (including 
“Operating” and “Operational”) 
(8/29) 

3. Work (7/9) 

Constraints that arise from the working environment, such as organisational, work-based, 

or managerial factors. 

Organisational constraints included the allocation of work tasks (Naikar and Elix, 2016), the Values and Priorities (from an AH) of a work domain (Burns, Bryant and 

Chalmers, 2005), organisational structures (Naikar, 2017), and organisational influences recorded in an AH (Hettinger, Roth and Bisantz, 2017). Operations constraints 

tended to refer to specific work within systems, such as space walking (Feigh et al., 2018), nuclear power plant operation (Naito et al., 1995), and naval ship operation 

(Burns, Bisantz and Roth, 2004). In comparison, work constraints were not generally specified, rather encompassing all work that might be done in a system (Niskanen, 

2018; van Paassen et al., 2018), and factors that could affect this (Flach, 2017; Niskanen, 2018). 

Spatial (55/456) 1. Spatial (27/115) 
2. Manoeuvring (11/81) 
3. Trajectory Planning (6/12) 

Constraints that are spatial in nature, including dimensions. 

Spatial constraints were largely mentioned in relation to the air domain (Borst et al., 2006; Ellerbroek et al., 2011; Ellerbroek et al., 2013b; van Paassen et al., 2013). 

Other domains included display design (Mazaeva and Bisantz, 2014), military command and control (Bennett, Posey and Shattuck, 2008), and maritime (Fay, Roberts and 
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Stanton, 2019). Time was linked with spatial constraints, such as aircraft separation being always maintained (Ellerbroek et al., 2011) or calculating a permitted travel 

space for aircraft (van Paassen et al., 2013). Manoeuvring constraints were largely related to the air domain, detailing calculation of an aircraft’s manoeuvre space and 

how various factors affected capabilities to effect manoeuvres (Borst et al., 2006; Ellerbroek et al., 2011; Ellerbroek et al., 2013a; Ellerbroek et al., 2013b). Trajectory 

planning was largely in the air domain, relating to how planning how the aircraft could move given their constraints, including those of a spatial and manoeuvring nature 

(Leveson, 2000; van Marwijk et al., 2011; van Paassen et al., 2013). 

Temporal (45/90) 1. Temporal (41/80) 
2. Speed (Temporal) (2/2) 
3. Time-Independent (1/1) 

Constraints of a temporal nature. 

Temporal constraints included communication delays (Miller and Feigh, 2019), constrained time for decision making (Trentesaux, Moray and Tahon, 1998), and time 

constraints for achieving goals (van Marwijk et al., 2011). Speed (Temporal) constraints included the fastest time in which aircraft actions could be carried out (Ellerbroek 

et al., 2011) and the time taken to complete tasks (Jenkins et al., 2008b). Time-Independent constraints were described by Vicente (1992) as relationships between 

variables at a single point in time, such as “Total Energy Stored” or “Mass Input Flow Rate”.  

Actors and Agents (42/147) 1. Actors (11/14) 
2. Intentional (11/46) 
3. Communication (9/12) 

Actors and agents within the system, both abstract and concrete, including their 

intentions. The definitions are that of sociotechnical systems theory, actors are the social 

components, and agents refer to an entity that may be either social or technical (Stanton 

et al., 2017a). 

The constraints on actors were split between describing assessing function allocation during CWA (Salmon et al., 2007; Jenkins et al., 2008a) and their roles in systems, 

such as how they would affect airborne separation displays (Ellerbroek et al., 2011; Ellerbroek et al., 2013b). Intentional constraints were used to generically describe 
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the constraints that actor intentions might impose on a given system and was often used with examples specialised examples to illustrate specific contextual constraints, 

such as organisation (Borst, Flach and Ellerbroek, 2015), military laws (Burns, Bisantz and Roth, 2004), and company objectives (Rasmussen, 1999). Closely related was 

“Intent” constraints, which in addition to mentioning the intent of actors (Ellerbroek et al., 2011; Ellerbroek et al., 2013b), also mentioned intent-driven domains (Bennett, 

Posey and Shattuck, 2008). Communication based constraints mentioned communication structure (Houghton et al., 2015), and communication (social and technical) 

itself (van Paassen et al., 2013). 

Natural Environment (32/88) 1. Environmental (12/36) 
2. Terrain (11/14) 
3. Weather (8/11) 

Constraints associated with the natural environment, such as terrain or weather. 

Environmental constraints were mentioned generally in most cases, such as in reference to in-depth models (Burns, Bisantz and Roth, 2004), and in some cases, specific 

examples were provided (Leveson, 2000; Calhoun et al., 2018). Terrain constraints were largely in the domain of aviation, specifically collision avoidance (Borst et al., 

2006; Borst et al., 2008; Ellerbroek et al., 2013b; van Paassen et al., 2013). However, other domains were also included, such as military command and control (Bennett, 

Posey and Shattuck, 2008; Bennett, 2017) and solar racing (Hilliard and Jamieson, 2008). Similar to environmental constraints, weather constraints were largely 

mentioned in general (Naikar and Sanderson, 1999; Ellerbroek et al., 2013b; van Paassen et al., 2013), and had specific examples, such as ice or rain affecting car tyre 

grip (McIlroy and Stanton, 2015a) and the priority of wind shear alerts for aircraft (Leveson, 2000). 

Resources (31/68) 1. Resources (11/18) 
2. Financial (5/7) 
3. Physical Resources (5/18) 

Constraints relating to any type of resource available within the system, or that can be 

consumed by it. 

Resource constraints refer to all resources available to a system in general (Bennett, Posey and Shattuck, 2008; Strauch, 2017) and constraints that these resources face, 

such as the life duration of tools (Trentesaux, Moray and Tahon, 1998). Financial constraints are identified explicitly (Jiancaro, Jamieson and Mihailidis, 2014), and are 
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mentioned with time constraints (Jamieson et al., 2007; Salmon et al., 2007; Read et al., 2015a). Financial constraints during CWA analysis were also mentioned (Read et 

al., 2015a; Naikar, 2017). Physical resources are also referred to as a collective, however, they refer to tangible resources and are typically tied to WDA (Naikar et al., 

2003; Lintern, 2006; Naikar, 2006; Read et al., 2015a; Naikar, 2017). 

Government, Law, Legal, Regulatory, 

Political (27/64) 

1. Regulations (11/15) 
2. Government (7/9) 
3. Rules of Engagement (4/8) 

Constraints associated with the government, laws, and regulatory frameworks that 

govern the system. 

Regulations governing specific work domains were mentioned across domains such as aviation (Borst, Flach and Ellerbroek, 2015), road transport (Salmon et al., 2007), 

solar racing (Hilliard and Jamieson, 2007), and power grid management (Tran, Hilliard and Jamieson, 2017). Government constraints, mainly as laws passed by them, 

were also mentioned across domains, such as aviation (Borst, Flach and Ellerbroek, 2015), eco-driving (McIlroy and Stanton, 2015a), and military command and control 

(Bennett, Posey and Shattuck, 2008). Whilst not explicit in the literature, regulations appeared to be more specific to the work domain itself, whereas government/laws 

were general and imposed on the domain. Rules of Engagement constraints were military specific, and included specific uses such as training system procurement (Naikar 

and Sanderson, 1999), missions and culture (Burns, Bisantz and Roth, 2004), and constraints on action (Burns, Bryant and Chalmers, 2005). 

Safety (25/53) 1. Safety (20/44) 
There were no clear second or third 
place constraints (same file and 
reference count) 

Constraints relating to the system safety and the conditions of this safety, including 

conditions that should not be broken, or should be maintained. 

Safety constraints were typically related to a high-level goal of maintaining safety within the system across domains such as aviation (Leveson, 2000), eco-driving (McIlroy 

and Stanton, 2015a), and solar racing (Hilliard and Jamieson, 2007). Other constraints topping this category included “Danger” (Mantel, Hoppenot and Colle, 2012), 

“Failure Modes (Introduced in Experiment)” (Christoffersen, Hunter and Vicente, 1996), and “Fault Diagnosis (Described as Algorithm)” (Jamieson and Vicente, 2001). 
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Societal Factors (21/33) 1. Social (11/14) 
2. Social Values (2/2) 
3. Language (2/3) 

Constraints created by explicit and implicit societal factors, such as culture or customs. 

Social constraints are typically presented generally (Burns, Bisantz and Roth, 2004; Jenkins et al., 2008a; Read et al., 2015a) in the text, and specified in WDAs presented. 

Burns, Bisantz and Roth (2004) mention that social constraints affect the use of force and authority when describing the WDA for a Canadian ship. Other CWA stages 

were also mentioned as having social constraints, such as SOCA (McIlroy and Stanton, 2011) or ConTA (Jenkins et al., 2008a). Social values constraints are general, and it 

was specified that they could affect military operations (Lintern, 2006) or command and control Burns, Bryant and Chalmers (2005). Again, the specific constraints are 

presented as WDAs. Finally, language, among other constraints, could limit humans through constraining and dominating them (Read et al., 2016; describing the “radical 

humanist paradigm”). Language constraints are also mentioned by Borst, Flach and Ellerbroek (2015) to argue that sensor failure is not necessarily a show-stopper as 

suggested in the literature (Vicente and Rasmussen, 1992; Vicente et al., 1996; Vicente, 2002); they argue that the failure of a key when typing written text, thus being 

subject to language constraints, would be easier to detect than with random typing. Applying this assertion to EID, they put forth that by making the constraints explicit, 

sensor failures, which violate them, will be more detectable. 

Representation and Perception (20/39) 1. Display (4/5) 
There were no clear second or third 
place constraints (same file and 
reference count) 

Constraints that pertain to the aesthetics and representation of entities or data, and the 

perception of these factors. Nodes pertaining to the operator’s perceptual process in their 

mind were categorised into Operator Characteristics & Perceptions, and nodes that 

contributed to, or triggered, these processes were categorised here. 

Display constraints were those on the display overall (Talcott, Martinez and Stansifer, 2007; Bennett, Posey and Shattuck, 2008) and information that should/can be 

displayed (Effken, Kim and Shaw, 1997; Vicente and Ethier, 2000). Other constraints topping this category included the “Visualisation (Of Constraints)” (Bass, 2014), and 
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“Representation” of signals, signs, and symbols (Flach, 2017). Signals are also referred to as “Time-Space Signals”, signs are also referred to as “Perceptual Forms”, and 

“Symbols” are defined as meaningful relational structures (Vicente and Rasmussen, 1992). 

Control Enactors (17/35) 1. Control (7/9) 
2. Control Strategies (2/3) 
3. Manipulation (2/2) 

Entities and processes associated with enacting command and control, both civilian and 

military. The category was not named Command and Control (C2), as it was decided 

during inter-rater reliability discussions that the term could suggest a military context. 

Control constraints were referenced in general for EID principles and design (van Paassen et al., 2018), tasks as part of Control Task Analysis (Naikar, Moylan and Pearce, 

2006), and work domain constraints that affect control (Klomp et al., 2016). Control strategy constraints talked about how EID visualisations would show work domain 

constraints to allow operators to implement effective control strategies (van Paassen et al., 2013) or how a control enactor (an Air Traffic Controller in this instance) 

should respond to complex situations (Klomp et al., 2016). 

Velocity (14/64) 1. Speed (13/32) 
2. Velocity (6/29) 

Constraints involving velocity. 

Speed constraints included aircraft (Ellerbroek et al., 2013b), cars (McIlroy and Stanton, 2015a; Beanland et al., 2018), and boats (Araujo, Davids and Serpa, 2005). 

Operating bounds for speeds were specified, as well as the relationship between speed and altitude for aircraft (Borst et al., 2008; Ellerbroek et al., 2011). As these 

constraints applied to vehicles in transit, they could be considered velocity constraints. Explicit velocity constraints were based in the air domain, namely how internal 

and external constraints were affect by, and affected, aircraft velocity (Ellerbroek et al., 2011; Ellerbroek et al., 2013b; Bass, 2014; van Paassen et al., 2018). 
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3.3 Category Connection and Social Network Analysis 

At this stage in the process, there was a list of constraint categories, but this did not provide any 

information on how they linked together. It was decided to conduct a Social Network Analysis (SNA) 

on outputs from NVivo to reveal this information. A non-directed adjacency matrix was generated 

using a matrix query in NVivo. A matrix query tabulates a specific value for each pair of categories, 

which in this case was the number of articles that were coded to both. As the matrix describes a 

graph, it is known as an adjacency matrix, which is non-directed as the order of connections does 

not matter. An example of this is the ‘city to city’ distance tables found in atlases. All taxonomy 

categories were added as headers for both rows and columns. Sub-categories were included with 

their parents, instead of being discreet, due to NVivo limitations. They were not removed as 

categories as they still provide prompts as to the types of constraints expected. Categories were 

deemed to be connected if they appeared in an article together. Whilst this might have slightly 

inflated relationship numbers in some cases, reducing the unit of analysis could have wrongly 

excluded valid relations. For some of the smaller categories, this could have completely removed 

their relations to another category. It was decided that links would be non-directed, as each 

manuscript was structured differently, meaning that a single measure of link direction could not be 

used. A representation of the output generated by NVivo is shown in Table 10, with the second, 

identical, half of the table (e.g., Safety → Spatial = Spatial → Safety) omitted for clarity. 

SNA was performed on the matrix shown in Table 7 using the Applied Graph & Network Analysis 

(AGNA; Benta, 2003) tool version 2.1.1. Global network metrics, defined in Table 8, and nodal 

(category) metrics, defined in Table 10, were calculated. The definitions are adapted from Stanton 

and Roberts (2018) and Benta (2003), who use the commonly accepted definitions from AGNA. This 

was to facilitate an understanding of the entire network, in addition to understanding the specific 

statistics of each category. This revealed information about the network to understand its 

composition, in addition to how it would affect the taxonomy usage. The global network metrics, 

calculated from Table 7 are presented in Table 9, and the node-specific metrics are presented in 

Table 11. 
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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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Actors and Agents 6 0 12 2 2 3 1 7 3 0 0 1 2 7 5 4 3 4 6 

Analysis & Design of System 2 18 6 1 7 1 9 5 1 2 0 1 4 18 2 2 1 17 

Control Enactors 2 2 0 2 0 1 0 0 0 1 0 2 4 2 0 0 2 

Decision Making, Goals, and Action 7 6 14 3 22 10 2 3 4 1 17 22 8 6 1 29 

Energy, Mass, Forces 1 16 2 6 2 0 1 2 0 11 16 3 0 2 24 

Government, Law, Legal, Regulatory, Political 1 1 1 2 0 0 0 2 0 2 2 0 0 1 

Measurable Parameters 3 14 1 5 5 6 1 13 11 10 3 4 17 

Natural Environment 1 0 1 1 1 0 7 8 1 1 2 8 

Operator Characteristics & Cognition 7 4 3 5 1 7 17 12 3 1 25 

Organisational 0 2 1 2 1 9 4 1 0 10 

Representation and Perception 1 0 0 3 3 1 0 1 1 

Resources 0 0 1 0 2 1 0 2 

Safety 0 6 4 1 0 1 4 

Societal Factors 0 1 1 0 0 1 

Spatial 16 6 10 10 12 

System 12 2 2 26 

Technology 1 2 9 

Temporal 1 3 

Velocity 0 
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Table 8 – Definition of global SNA metrics 

Metric Definition 

Nodes The number of categories of constraint present in the taxonomy. 

Edges The total number of connections between the categories. 

Density Number of connections between categories observed, as a fraction of the total 
possible connections.  
 
Used to determine how connected the categories are compared to the maximum 
possible number of connections (every category is connected to all others). A higher 
density indicates that more connections link the categories. 

Diameter Maximum number of connections followed to traverse the network. 
 
Used to determine how many connections might be required to move from one 
category to another, if following a linear path through the connections. 

  

Table 9 – Global network metrics 
Metric Value 
Nodes 20 
Edges – Non-Directed 152 
Density 0.80 
Cohesion 0.80 
Diameter 2.00 

  

Table 10 – Definition of nodal SNA metrics 

Metric Definition 

Emission Number of outgoing connections from a category to other categories. Used 
to determine how well a category is connected. 

Sociometric Status 
(Sociometric) 

Number of emissions from a category, relative to the amount of network 
nodes. Used to identify the most important categories in the network. 

Centrality 
(Bavelas-Leavitt) 

The sum of all distances in the network, divided by the sum of all distances to 
and from each node. Used to identify the central categories that would serve 
as possible starting points for analysis. 

Farness The sum of the shortest geodesic paths to each category in the network. Used 
to determine how close the category is to other categories. 

Betweenness The number of times a category is in the shortest geodesic paths between 
other categories, divided by the total number of paths. Used to determine 
how often this category would appear in the connections between other 
categories. 
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Table 11 – Nodal metrics for each category within the taxonomy 

 Emissions Status Centrality Farness Betweenness 
Societal Factors 13 1.37 8.14 28 0.00 
Control Enactors 20 2.11 8.14 28 0.15 
Government, Law, Legal, 
Regulatory, Political 22 2.32 8.77 26 0.57 

Representation and 
Perception 23 2.42 8.44 27 0.52 

Resources 24 2.53 8.77 26 0.88 
Velocity 32 3.37 9.12 25 1.28 
Safety 37 3.89 9.12 25 1.30 
Temporal 37 3.89 9.12 25 1.03 
Natural Environment 42 4.42 10.36 22 3.48 
Organisational 60 6.32 9.91 23 3.04 
Actors and Agents 68 7.16 10.36 22 3.17 
Technology 83 8.74 12.00 19 8.10 
Analysis & Design of 
System 103 10.84 11.40 20 6.87 

Energy, Mass, Forces 103 10.84 10.36 22 3.55 
Spatial 133 14.00 10.86 21 4.32 
Measurable Parameters 136 14.32 12.00 19 8.10 
Operator Characteristics & 
Cognition 146 15.37 12.00 19 8.10 

System 178 18.74 11.40 20 6.58 
Decision Making, Goals, 
and Action 187 19.68 12.00 19 8.10 

Work 
Domain/Environment 197 20.74 11.40 20 6.84 

3.4 Visualising the Constraint Taxonomy 

Calculating a matrix of links between categories provided information on how each category was 

connected, and the strength of these connections. By conducting SNA on these connections and 

interpreting the results, it was possible to build and understanding of how the constraint taxonomy 

should be compiled and used. This section will detail this process and how to use the finished 

taxonomy. 

A visual representation of the taxonomy was generated by importing the matrix into yWorks yEd 

version 3.22. The SNA adjacency matrix was modified by removing symmetrical edges, and those 

with a zero cardinality, as these were not automatically excluded by yEd and would generate 

incorrect edges if not omitted. Built-in functionality to read SNA adjacency matrices was used to 

open the modified adjacency matrices. The ‘Adopt’ functionality was used to automatically enter 

all data, which was rendered using default aesthetics (shapes, connectors, and routing options). 

Custom properties were then used to change the styling of the nodes (colour, font) and edges (end 
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styles, thickness, labels) depending on the data. Automatic layouts were then applied, with 

subsequent manual changes were made for aesthetics. The generated visualisation is shown in 

Figure 8. The connectivity identified in the SNA is immediately apparent and makes the diagram 

hard to interpret; most categories connect to most other categories, with varying emission counts. 

Figure 8 – Visual representation of connectivity between constraint categories with all edges in 

the taxonomy shown 

 

While an accurate representation of links present within the literature, Figure 8 was not a human-

readable representation of the taxonomy, limiting its usability outside of demonstrating the 

complexity of the ‘big picture’. To make the visual representation easier to interpret, another 

adjacency matrix was created, taking only the top-rated edge (or edges if multiple edges had the 

highest cardinality) and rendered using the above process. Figure 9 shows this final taxonomy 

visualisation. As can be seen, it is vastly easier to understand, and central nodes can be identified; 

“Work Domain/Environment” and “System” connect to most nodes, including each other, as 

expected from their sociometric status, highlighting their importance within the network. 
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Figure 9 – Visual representation of connectivity between constraint categories with only the top 

edge shown 

 

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 / Environment 
� Work Domain  
� Physical 
� Functional 

� System 
� System 
� Purpose 
� Design (Of System) 

� Limits, Capacity, Restrictions  
� Locomotion Capabilities  
� Performance Limitations (Aircraft) 
� Operating Capacity 

� Entities 
� Traffic 
� Aircraft 
� Weapon 

� Decision Making, Goals, and Action 
� Goal-Relevant 
� Strategies (For Activity Execution) 
� Process 

� Operator Characteristics & Cognition 
� Cognitive 
� Behaviour 
� Decision Making 

� Measurable Parameters 
� Information 
� Relationships (Between Variables)  
� Variables 

� Energy, Mass, Forces 
� Energy 
� Temperature 
� Mass 

� Laws of Nature 
� Causal (Laws of Nature) 
� Inherent 
� Invariant Constraints 

� Analysis & Design of System 

� Work Domain Analysis & Abstraction 
Hierarchy 

� High Level 
� Cognitive Work Analysis 

� Analysis Considerations 
� Access to End-Users and subject matter 

experts 
� Trial order 

� Technology 
� Technology/ Technical 
� Design (Of Interface)/ Interface 
� Sensor 

� Organisational 
� Organisational (including “Social 

Organisational”) 
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Category Top Constraints to Query 

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

� Work 

� Spatial 
� Spatial 
� Manoeuvring 
� Trajectory Planning 

� Temporal 
� Temporal 
� Speed (Temporal) 
� Time-Independent 

� Actors and Agents 
� Actors 
� Intentional 
� Communication 

� Natural Environment 
� Environmental 
� Terrain 
� Weather 

� Resources 
� Resources 
� Financial 
� Physical Resources 

� Government, Law, Legal, Regulatory, 
Political 

� Regulations 
� Government 
� Rules of Engagement 

� Safety � Safety 

� Societal Factors 
� Social 
� Social Values 
� Language 

� Representation and Perception � Display 

� Control Enactors 
� Control 
� Control Strategies 
� Manipulation 

� Velocity  
� Speed 
� Velocity 
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Figure 10 – A checklist approach to using the constraint taxonomy 

 

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. 

Other categories

Limits, Capacity, Restrictions

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

System
What constraints affect the system as a 

whole? What is the purpose of the system? How is the system designed and why 
were key design decisions made?

Work Domain/Environment Constraints
What can you tell me about the work 

domain?
What physical constraints are present in 

the environment?
What functional constraints are present 

in the environment?

Other categories

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

What are the limitations of the 
technology in use?

Do you know why the interfaces 
have been designed like they have?

What sensors are present and what 
are thier limits?

Work Domain/Environment Constraints

What can you tell me about the 
work domain?

What physical constraints are 
present in the environment?

What functional constraints are 
present in the environment?
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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. 

 

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 

Explore category

Identify connections 
(present or missing)

Follow connections 
to other categories
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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 (McIlroy 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 

 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 



A Taxonomy of Constraints 

73 

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. 

 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 systems, 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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 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 

HMIs. 

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 
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or periscope, and is being analysed in the control room (Maranda, 2008; Stanton, 2014; Wang, 

2016). An example subsection of a Royal Navy command team structure that focuses on tactical 

picture generation, adapted from Roberts, Stanton and Fay (2017b), is described in Table 13 and 

Figure 13 respectively. Other navies might have different specifics but are likely to have 

commonalities with the structure described. Operators will collect and process information under 

the guidance of senior operators/officers, who will use the information for strategic as well as 

tactical decision making (Roberts & Stanton, 2018). 

Table 13 – Roles present in a typical Royal Navy picture compilation team described by Roberts, 
Stanton and Fay (2017b) 

Role Description 

Officer of the Watch 
(OOW) 

Responsible for guiding tactical picture generation and 

guiding submarine activity to best complete mission 

objectives whilst maintaining the three tenets of 

submarine operation (see section 4.1.1.1). 

Operations Officer 
(OPSO) 

Generation of the tactical picture for OOW, incorporating 

information from all available sensors. The OPSO 

supervises TMA1/2 (below) and is responsible for quality 

checking their work. 

Sonar Controller 
(SoC) 

Assimilation and interpretation of sonar data being 

received in the sound room. This data is then used to 

generate the tactical picture by OPSO and TMA1/2. The 

SoC supervises SoP1/2 and is responsible for quality 

checking their work. 

Sonar Operator 1/2 
(SoP 1/2) 

Detection, Classification, Localisation and Tracking (DCLT) 

of surrounding vessels, using sonar to do so. 

Target Motion Analysis Operator 1/2 
(TMA 1/2) 

Compilation of environmental information into a tactical 

picture. 

Periscope Operator 
(Peri) 

Operation of the periscope mast to provide visuals of the 

surrounding environment. 

Ship Control 
(ShC) 

Enacts changes to submarine parameters, ensuring safety 

whilst doing so. 
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Figure 13 – Structure of the picture compilation team described by Roberts, Stanton and Fay 

(2017b) 

 Objectives 

Command teams have three main objectives: remain safe, remain undetected, and complete 

mission objectives (Mack, 2003; Mewett, 2014; Fay, Stanton and Roberts, 2017). Remaining safe is 

considered to be the most important objective (Mack, 2003), as the consequences of a poorly 

maintained tactical picture can have profound consequences, such as the USS Greeneville crash or 

the Royal Navy submarine incident previously discussed (National Transportation Safety Board, 

2001; Drumheller and Benoit, 2004; Marine Accident Investigation Branch, 2016). With submarines 

frequently operating in more complex environments, such as littoral waters (Duryea, Lindstrom and 

Sayegh, 2008; Bateman, 2011), and the global marine environment becoming busier (Davies, 2013), 

increasing the number of potential vessels a platform could encounter, safety must be continuously 

considered. The team must constantly assess the submarine’s position in the water, how this relates 

to its surroundings, and current threat vulnerability.  

Command teams must gain information about their environment to inform possible courses of 

action, and it is vital that the combat system provides the capability as well as flexibility to support 

this. This is especially important given that submarines operate with significant amounts of 

uncertainty (Brolese, 2005; Hunter, Hazen and Randall, 2014), meaning that data must be 

continuously evaluated to ensure that it is valid and reliable. Mission objectives are fluid and can 

vary, but routine operations typically include (Stanton and Roberts, 2018) dived tracking of entities 

(following something while underwater to remain undetected), returning to periscope depth (safely 

moving to near the surface from underwater), or inshore operations (conducting operations in 

littoral waters); a command team must be proficient in all mission types to ensure safe operations 

in a contemporary political climate (Bateman, 2011).  
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 Control Room Location and Layout 

Control rooms are typically located amidships (centre-ship), directly underneath the conning tower. 

This placement is a requirement of hull penetrating periscopes, which impose physical restrictions 

on a control room’s location (Duryea, Lindstrom and Sayegh, 2008). As the periscope is a solid tube 

that breaches the hull, a control room has to be directly underneath, as with the USS Nautilus (Ven, 

1956). Newer submarines use optronics masts, which transfer image data via fibre optic links, and 

as such do not require hull penetration (Hamburger, Miskimens and Truver, 2011). Consequently, 

a control room could potentially be located anywhere on the submarine. This occurred on the USS 

Virginia (SSN 774), whereby the control room was moved down a deck, which created more space, 

allowing sonar operators to occupy the same space as other watch-standers (Hamburger, 

Miskimens and Truver, 2011). 

Hamburger, Miskimens and Truver (2011) noted that a control room relocation appeared to 

improve Situation Awareness (SA) and communications in Virginia class submarines by allowing all 

watch-standers to occupy the same space. This could potentially be a result of communication 

bottlenecks being removed, identified by Roberts and Stanton (2018), resulting in operators being 

able to share information quicker and more frequently. At the level of the individual, SA is defined 

as ‘the perception of elements in the environment within a volume of time and space, the 

comprehension of their meaning, and the projection of their status in the near future’ (Endsley, 

1995). However, it is argued that such a definition does not appreciate the complexity of control 

room environments. In such environments SA is not held solely in one operator's mind, rather it is 

distributed across many system agents, both social and technical. It is therefore proposed that the 

control room has Distributed Situation Awareness (DSA), as each actor contributes to overall 

awareness (Stanton, 2015; Stanton et al., 2017b). Stanton et al. (2006) define DSA as ‘activated 

knowledge for a specific task, at a specific time within a system’. This definition is congruent with 

control room operations, whereby the knowledge of various agents within the sociotechnical 

system is continuously shared and represented to achieve mission objectives.  

An adapted representation of HMS Drakes’ Talisman Trainer is shown in Figure 14. The trainer is 

split into two rooms: control and sound. All personnel except those related to Sonar are situated in 

the control room. Sonar personnel are in the sound room to reduce ambient noise as far as possible 

to aid aural detection. Some modern platforms have combined these rooms, such as the Canadian 

Victoria Class (Hunter, Hazen and Randall, 2014) or the USS Greenville (National Transportation 

Safety Board, 2001), capitalising on sound cancellation technology in headsets to reduce 

interference from ambient control room noise (Arrabito, Cooke and McFadden, 2005). The co-

location of all operators provides an opportunity for shared information screens that could display 
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relevant information, potentially improving DSA. However, these displays will need to be designed 

appropriately to ensure each operator can assimilate the information they require, for the 

completion of individual sub-tasks, which may come from several technologies and operators, for 

the achievement of higher-order team objectives. 

The Officer of the Watch (OOW) leads the command team during tactical picture creation and is 

responsible for making decisions regarding submarine safety based on the teams’ collective SA 

(DSA). A contemporary submarine control room has dozens of screens available to the OOW to 

make these decisions, see Figure 14. The figure shows the layout of a control room, including the 

picture compilation operators from Table 13/Figure 13 as a subset of overall capability. The addition 

of more screens may negatively impact their SA, as their cognitive capacity may be overwhelmed 

whilst using these screens (Hamburger, Miskimens and Truver, 2011). This is not limited to the 

OOW, as operators are expected to utilise multiple screens displaying complex information, with 

SA being highly distributed between humans and technology, both at the level of the individual and 

the team. Dominguez et al. (2006) found that data integration from multiple sources was a 

challenge for commanding officers, adding cognitive workload, and requiring near-constant 

communication with operators. Dominguez et al. (2006) also found that vital information was often 

not displayed appropriately for processing from a commanding officer's vantage point (standing at 

a distance). Operators could provide this information, however, they may be impeded by the 

command teams’ complex communication structure, or erroneously disregard information that 

should be shared (Carrigan, 2009). Thus, interface designers must consider their location within the 

control room, their intended purpose, and current mission type, to facilitate maintenance of DSA 

and effective decision-making. 
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Figure 14 – A typical layout, adapted from Stanton and Bessell (2014), showing both the control 

and sound rooms 
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 Work and Communication 

During picture compilation, the command team works together to continuously update a tactical 

picture under direction from the OOW (National Transportation Safety Board, 2001; Dominguez et 

al., 2006). The tactical picture is used to directly inform operational as well as strategic decisions; 

therefore, it is imperative to ensure its accuracy (how the environment is perceived vs its actual 

state). However, the complexity of modern control rooms poses challenges that may negatively 

affect tactical picture accuracy, namely the volume of sensor data and the communication of this 

data across the command team via which shared SA is attained (Roberts and Stanton, 2018). 

Another key challenge is managing uncertain data to compile a tactical picture; while data can be 

made more accurate, these uncertainties are a core aspect of submarine control room operation, 

meaning that information must be continuously evaluated for its validity and reliability. 

As control rooms become more advanced, the amount of data being presented is increasing 

(Chalmers, Easter and Potter, 2000), this has the potential to exceed an operator's capacity to 

interpret such information effectively (Woods, Patterson and Roth, 2002). This has the potential to 

negatively impact console operation or verbal communication, which may cause operators to 

interpret or process data incorrectly, degrading the accuracy of the tactical picture. In highly 

demanding situations the cognitive capacities of operators have been demonstrated to reduce in a 

modality-specific fashion, this has the potential to increase attentional focus but also to reduce the 

volume of information operators can handle (Roberts and Cole, 2018). Data is presented to 

operators on Multi-Function Consoles (MFC), which are computer workspaces (Rhie et al., 2017). 

Physically, they represent large cabinets, with space cut out to mount multiple monitors and a shelf 

for input devices (Bowden and Grosse, 2011). Most operators will use a single MFC however, some 

personnel, such as the OOW, will have access to many different MFCs (National Transportation 

Safety Board, 2001; Stanton and Bessell, 2014). Utilising their expertise and MFC, personnel will 

create and contribute information to the command team’s DSA, which manifests in the overall 

tactical picture (Stanton, 2014). As detailed by Roberts and Stanton (2018), this information is the 

result of cognitive processing being applied to data perceived on an operator's MFC. Operators will 

perceive data, such as a sensor readout, and then gain an understanding through processing the 

data to create information for the tactical picture. Table 14 provides a list of typically available MFCs 

within a control room, with sample screens. The OOW views are composites of other MFCs and as 

such shall not be described. 
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Table 14 – Description of control room MFC roles, the screens that comprise their functionality, 

and the overall purpose of each MFC. 

MFC / Role Possible Configuration(s)  Purpose 

Sonar 

Medium Frequency Oscillations (MFO) 

Towed Array Narrowband (TANB) 
Flank Broadband (FKBB) 
Bow Broadband (BBB) 

Intercept 

Detection, Classification, 
Localisation, and Tracking 
(DCLT) of contacts 

Command System Command System 

Generating solutions (bearing, 
course, range, speed) for 
contacts to generate the 
tactical picture 

Warship Electronic 
Chart Display and 
Information System 
(WECDIS) 

WECDIS Plotting, mapping, navigation 

Electronic Support 
Measures (ESM) 

 
Warner Transmissions 
(WT) 

ESM 

DCLT and analysis of 
electromagnetic energy 
(emitted signals from 
contacts, communications 
towers, etc.) 

Fire Control Fire Control 
Priming, targeting, controlling, 
and verifying weapon strikes 

Periscope / Optronics 
Search 
Attack 

Providing visual DCLT of 
surface contacts 

Ship Control 
Helm Controls 
Plane Controls 

Operating ship control 
surfaces to steer the 
submarine 

All MFCs are paired with a communications screen that allows operators to select channels of 
communication from their headset. 

The complexity of MFCs and the quantity of screens present a vast amount of data for operators to 

process. Some control rooms currently provide HMIs designed to assist operators in maintaining 

SA/DSA (National Transportation Safety Board, 2001; Stanton and Bessell, 2014), such as the 

repeater screen onboard the USS Greeneville. However, there may be room for improvement to 

maximise the utility of these interfaces (Dominguez et al., 2006). For example, Ly, Huf and Henley 

(2007) propose that effective watch leader decision making could be supported by interfaces that 

facilitate information accessibility. Such interfaces are being made possible with modern combat 

systems, which could represent all information required by operators in one interface (National 
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Research Council, 1997), instead of being dispersed across the control room. For example, 

information from all sensors could be displayed on one screen, removing the need for operators to 

manually corroborate data about contacts from each sensor. By implementing changes to simplify 

the HMIs, and the information they display, the potential for overwhelming operators could be 

avoided. 

An increased amount of data also poses communication challenges, such as missed, incorrect, or 

non-timely communications. Such failures have been recognised as a risk factor in control rooms 

across many domains (Gibson et al., 2005), including aviation (Cushing, 1994) and nuclear power 

(Lee, Ha and Seong, 2011). This challenge of effective communication is further exacerbated by the 

command rooms’ complexity, and the variety of communication modalities, see Figure 14. 

Information is communicated via a combination of headsets, inter-MFC sharing, loudspeakers, and 

face-to-face conversations (Stanton and Bessell, 2014; Nakashima, Chow and Wang, 2015). Verbal 

messages received are acknowledged and repeated back, ensuring that the correct information has 

been received (Murphy, 2000b). All communication follows the rank hierarchy, with subsequent 

levels of leadership aggregating and filtering information until it reaches the OOW (Carrigan, 2009). 

The information is emergent and generated from interactions between social as well as technical 

agents, a key trait of DSA (Stanton et al., 2017b). Changes to HMIs could support more effective 

control room communication, such as allowing operators to send information digitally to improve 

speed and reduce the potential for mistakes. In turn, this could mitigate communication-related 

challenges affecting control room operation, potentially reducing the risk presented by 

communication issues. 

 Work of Sonar 

Sonar is a system for the location and ranging of objects using sound propagation and listening. Its 

four main functions are Detection, Classification, Localisation and Tracking (DCLT; Hughes et al., 

2010). To detect a vessel an operator will either hear discreet noise against the environment’s 

background noise and/or see a concentration of sound on their waterfall forming a line, at a specific 

Direction of Arrival (DOA), using broadband Sonar, see Figure 15a. A waterfall refers to the main 

representation of sonar data in HMIs. Each time that a Sonar array returns data, it is plotted as a 

line on the display. When a new line is added, it moves all others down, creating a ‘waterfall’ effect 

over time (Asplin and Christensson, 1988; Matthews et al., 2006), see Figure 15d and Figure 15e. 

Due to advances in modern boats (such as quieter engines, more efficient anechoic tiles, and 

advanced hull designs), it is possible that some signals from them will be quiet and intermittent, 

which could result in them not being detected. This is because they may not be readily discernible 
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as clear traces (Matthews et al., 2006). The system does not currently highlight such traces to an 

operator, which may affect submarine safety if they fail to detect them. 

When a vessel is detected, operators assign it an identifier, allowing the system to automatically 

track and update its location, communicating details to other MFCs such as TMA. This identifier is 

a tracker (Fillinger et al., 2010). Detection, and therefore localisation, is mostly performed using 

broadband Sonar (Zarnich, 1999), which detects sounds within a large frequency range.  

Classification of a vessel is typically performed using narrowband (Plumb and Kendrick, 1981), 

which gives individual frequencies of a signal (Zhiyin and Lin, 2009), see Figure 15b. These individual 

noises are unique and can be compared against databases to identify a vessel. The classification is 

not validated by the system, meaning that operators are not advised of potentially incorrect 

classifications, despite the system potentially having the capability to do so. This can affect ownship 

safety and that of surrounding boats, as demonstrated by the Karen accident, in which an incorrect 

classification led the command team to believe that they could safely approach at a much closer 

distance than was safe. 

Tracking of a vessel is performed by analysing broadband trends over time to determine actions a 

vessel is taking. Speed is also used to track a vessel, which is calculated using a DEMON (Detection 

Envelope Modulation On Noise (de Moura, de Seixas and Ramos, 2011)/Demodulation of Noise 

(Mill and Brown, 2005)). The calculated speed is passed verbally to be used by TMA. A DEMON 

waterfall shows a broken down (demodulated) broadband signal, allowing representations of 

individual shafts and propellers to be viewed (de Moura, de Seixas and Ramos, 2011), see Figure 

15c. The frequency of the shaft combined with a Turns per Knot (TPK) value (how many times a 

propeller turns for one knot of speed) allows speed to be calculated. The TPK is obtained from a 

classification database or can be estimated based on the type of vessel. As the system does not 

validate classifications, TPK values can also be wrong, which will invalidate the contact's known 

position owing to its predicted movement(s) being inaccurate; it may be closer than thought, 

potentially on a collision course with ownship. The speed, together with the contact cuts, are 

passed to TMA with the tracker designation. 
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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 

 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 (Genç, 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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Figure 16 – a) A labelled Local Operations Plot interface screenshot b) A finished solution, ready for 

sharing c) d) e) Different matching potential solutions 

When a sensor such as Sonar makes a detection, a ‘cut’ will be sent through from the detecting 

MFC to TMA (Stanton and Roberts, 2018). A cut is a straight line that represents the Line of Bearing 

(LOB) for a signal; it is plotted on the LOP between the submarine’s position and the maximum 

detection range of a sensor, with an angle equivalent to the detection bearing. Cuts from each 

sensor are grouped by detected vessel, with one shown at a time. Operators can merge cuts from 

two sensors and treat them as one contact (Huf, Arulampalam and Manning, 2006), which provides 

more information on its behaviour. However, if the system does not verify merges, it is possible for 

operators to perform a merge using two (or more) discrete contacts, which will result in 

incongruent information from multiple sources being displayed to an operator. This will degrade 

their ability to effectively process that information unless the mistake is identified and rectified. 

Once enough cuts have been accrued for a vessel, an operator can start analysing the vessel’s path 

using a speed strip. A speed strip is a manoeuvrable visualisation of a vessel’s historic path in the 

water (DeAngelis and Green, 1992), with optional marks to represent where a vessel would be if 

the path was correct. Whilst the strip is manoeuvrable, it can be cumbersome for operators to move 

to the desired solution position. A mark is added to the strip for each cut. The strip is aligned over 

the cuts by an operator, and if the marks intersect the cuts, the vessel could have travelled in the 

manner indicated. An accuracy measurement view represents the spatial difference between cuts 

and a speed strip, with dots representing the strips’ intervals, see Figure 16b. As a solution becomes 

more accurate, the dots will form a vertical ‘stack’, showing they are close to the cuts they represent 

and align with each other (Huf, Arulampalam and Manning, 2006). The term ‘could’ is used because 
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there are multiple speed strip configurations that may align, however, they would not all be correct 

(DeAngelis and Green, 1992).  

Whilst the system provides a method to validate the accuracy of a solution, it does not assist the 

operator in creating an accurate solution. For example, there is no option to fix cut marks to their 

matching cuts, significantly reducing the number of available solutions. Figure 16c-e shows sample 

LOPs, demonstrating how the speed strip matches cuts in a variety of configurations. Once a 

solution that matches all cuts is derived, see Figure 16b, it is shared (Huf, Arulampalam and 

Manning, 2006). Sharing is where contact information is made available to other nodes within the 

system. When this occurs, it is plotted as a contact marker onto the geographical view, see Figure 

17b, allowing relevant personnel to view the vessel’s location. On some systems, a contact marker 

already exists, but it is marked with a cut to indicate that only the bearing is known, see Figure 17a. 

Unless a vessel changes its parameters (how it is moving) or the accuracy degrades, the solution 

does not need to be manually updated, dead-reckoning will be used to plot further movements. 

Dead-reckoning is plotting positional data by extrapolating previous trends (Murphy, 2000a). For 

example, if a solution had a vessel travelling at ten knots, the contact marker would move as if 

travelling at that speed without needing operator intervention, illustrated by contact markers 

moving between Figure 17b and Figure 17c. 

 

Figure 17 – a) A geographical view with four contacts marked when only their bearing is known, b) 

A geographical view with four contacts marked with full solution data, c) Illustration of 

automatic movement of contacts from ‘b’ over time 

4.1.2 Technical: Combat System 

The activities of the command team are supported by the combat system, which encompasses a 

wide variety of technology available within the control room. A combat system comprises multiple 

software subsystems including Sonar, periscope, radar, and command systems such as the 

Submarine Command System (SMCS; Dominguez et al., 2006). Combat systems facilitate the 

management of information about contacts and make such information available to the command 
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team. Systems are partially networked, facilitating data sharing between the Sonar and control 

room (Owen et al., 2006; Emery, 2010). Each software subsystem could also be considered a 

technical agent in the control room sociotechnical system, as they engage in goal-directed 

behaviour (providing sonar data, tracking targets), and interact with other agents, both socio 

(displaying and receiving information) and technical (networked communication). This provides 

further evidence of control room DSA (Stanton, 2015), with technological agents also sharing 

information to facilitate the maintenance of SA.  

 Backend: Open and COTS Systems 

Typically, combat systems have been created to bespoke military specifications, with subsystems 

supplied by various vendors. However, defence agencies are now adopting Consumer off the Shelf 

(COTS) systems to create open architectures, such as the Royal Navy (Owen et al., 2006) or the 

United States Navy (Womble et al., 2011). Common Core Combat System (CCCS) is the Royal Navy’s’ 

COTS-based combat system and was created to lower lifetime costs, support reusability, 

modularity, and capability progression (Owen et al., 2006). Information sharing is no longer 

restricted to pre-programmed communications between systems, defined in a military 

specification, rather all information is available and systems can subscribe to receive what they 

require (Owen et al., 2006). For example, as soon as a sonar speed is calculated, it could be shown 

on all TMA screens. This could address the communication bottlenecks identified by Roberts and 

Stanton (2018), removing the need for multiple sociotechnical agents to be involved with the 

transfer of data via verbal communication. Furthermore, it may also make the attainment of DSA 

more efficient by allowing MFCs, which can communicate almost instantly, to share information at 

a faster rate than what is encountered when information is verbally passed between multiple 

command team operators.  

A cluster of COTS servers is used to create a Shared Computing Environment (SCE), which powers 

all control room technology, including legacy systems. Using a COTS cluster has resulted in 

increased processing power and a reduced footprint in comparison to previous systems. For 

example, onboard HMS Astute, Sonar 2076, command, and navigation functionality are now 

powered using sixteen processor parts, instead of over 200, housed in only a few cabinets (Defence 

Equipment and Support, 2010). This has created the physical space and computing capability for 

the addition of more systems that could assist operators, such as artificial intelligence agents to 

solve complex TMA datasets. Additionally, newer capabilities allow deployment of updated HMIs, 

such as the new Sonar 2076 update designed to capitalise on cutting-edge sonar technology (Royal 

Navy, 2015). 
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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 

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

 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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above is an area that has the potential to maximise current and future capabilities. The challenges 

of a contemporary and future global maritime environment may necessitate changes to remain at 

the vanguard of capability as well as safety. As a complex sociotechnical system, there are a variety 

of aspects that could be assessed to see where changes could be implemented, such as crewing 

requirements or sensor capability. However, the USS Greeneville and Royal Navy submarine 

incidents have highlighted that HMIs can play a critical role in control room operation, performance, 

and safety, creating an impetus to assess how they may be improved to avoid future incidents and 

to capitalise on new advances and capabilities provided by modern combat systems.  

Maintaining a tactical picture relies on operators understanding and creating information about 

their environment. Despite this, information from HMIs often takes on a different form, 

unrepresentative of its physical manifestation, requiring it to be perceived and processed. For 

example, despite representing 360◦ of aural signal, the Sonar waterfall is not circular, requiring 

operators to translate the plot of their surroundings. For TMA, details about a cut strength are not 

represented, and the last cut is not marked. Furthermore, design issues such as transient signals in 

the sonar waterfall not being highlighted, or TMA solutions not being constrained may add further 

complexity and cognitive workload. Interactions between perceptual and cognitive processes can 

affect operator performance (Hanisch, Kramer and Hulin, 1991; Masakowski and Hardinge, 2000), 

as can overly complex screens (Coll and Wingertsman, 1990). As most control room tasks focused 

on a submarine’s immediate environment, especially with Sonar and TMA, the EID paradigm could 

offer a novel approach for future development. This section will make the case for using EID as a 

design paradigm for the development of future Sonar and TMA interfaces. 

4.2.1 Existing Ecological Interface Designs 

The potential of EID as a design paradigm has already been demonstrated across a variety of 

domains, including power generation and petrochemical production (McIlroy and Stanton, 2015b). 

The parallels that can be drawn between the issues faced by complex control rooms in other 

domains and the maritime domain strengthen the case for EID to be applied; it would be an 

egregious oversight to ignore these parallels and the substantial body of literature (McIlroy and 

Stanton, 2015b) highlighting the application of EID. 

Lau et al. (2008) identified that while conventional nuclear power plant interface design had led to 

interfaces with acceptable performance and safety records, unanticipated events had been a causal 

factor identified in accident investigations. They noted that unanticipated non-routine events were 

precursory to these accidents, arising because of the complexity of modern nuclear power plant 

control rooms. To mitigate this, EID interfaces were designed that would aid operators in handling 
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the complexities of modern control rooms. These EID interfaces were designed from completed 

WDAs, with the environment and its constraints being represented in the resultant designs (Lau et 

al., 2008). An assessment of these designs by Burns et al. (2008), showed increased SA in certain 

circumstances, demonstrating the potential for EID to be successfully applied as a design paradigm 

in nuclear power plant control rooms.  

In the petrochemical industry, Jamieson (2007) identified a failure of interface technologies to 

match technological advances as a contributory factor towards an estimated billions of dollars 

(Bullemer and Nimmo, 1994) in annual avoidable losses. They designed and tested EID interfaces 

for production control and found evidence of potential benefits for application in an industrial 

setting. It was also noted that these benefits demonstrated that EID should contribute to improving 

safety and productivity. 

In the military domain, Hall and Miller (2009) tested their Representation Aiding Portrayal of 

Tactical Operations Resources (RAPTOR) tool, designed to support military decision-making, and 

noted that it was more effective than a baseline interface in all areas. 

In the maritime domain, organisations are making design changes, and consequently, systems that 

appear to encompass some of the principles of EID to varying degrees already exist for Sonar (Atlas 

Elektronik, 2016a) and Combat Management (General Dynamics, 2014; Havelsan, 2015; Atlas 

Elektronik, 2016b). However, it is unclear as to whether EID was explicitly followed as a design 

paradigm, or whether the companies’ designs reflect a desire to reflect information in a highly 

usable manner. In the case of the former, the principles could be applied to further extend the 

usability of the interfaces and offer a theoretically underpinned approach to their design. 

Research is also being conducted on different design paradigms for future command interfaces that 

assist the OOW with managing the amount of information contained within the tactical picture (Ly, 

Huf and Henley, 2007; Hunter, Hazen and Randall, 2014; Danczyk et al., 2015). Comparing the 

proposed navigation-aiding interfaces by Danczyk et al. (2015), see Figure 19, and Ly, Huf and 

Henley (2007), see Figure 20, it is evident that both interfaces achieve their functionality using 

substantially different HMIs. As interface design can be subjective, the ecological representation of 

objects may differ, producing differing levels of usability in certain aspects; whilst not performing 

the same functionality, they have a core set of features they both complete, as would be expected 

from a navigation system. Thus, while it is important to build upon already successful designs, it is 

also useful to explore alternative designs within the EID research space. Furthermore, navigation is 

a different work domain to Sonar and TMA, although does take information to map the 

environment; what has been demonstrated to work well for one work domain might not be 

applicable to another. 
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In doing so, the issue of design concepts being evolved, constraining future designs, can be avoided. 

Furthermore, these designs concentrate on using EID to enhance the OOW’s SA. This is a 

worthwhile endeavour, as it is the OOW who is responsible for maintaining the tactical picture, and 

ultimately maintaining submarine safety. However, they do not fully address the needs of operators 

compiling the tactical picture; command team DSA/SA may be compromised due to these operators 

expending more cognitive workload to determine information being made readily available to the 

OOW. Thus, it is pertinent to research how the pace of change can be kept across the control room, 

ensuring maximum utility of benefits. 

  

Figure 19 – A simple representation of a navigation 
assistance interface proposed by Danczyk et 
al. (2015). 

Figure 20 – A simple representation 
of a navigation 
assistance interface 
proposed by Ly, Huf 
and Henley (2007). 

Previous work (Bisantz et al., 2001; Bisantz et al., 2003; Burns, Bisantz and Roth, 2004; Burns, Bryant 

and Chalmers, 2005) in the maritime domain has demonstrated that CWA can be used to 

understand naval command and control functionality. In their work, they used WDA to derive 

system design requirements for a Canadian frigate (Burns, Bryant and Chalmers, 2005) and a USN 

surface combatant (Bisantz et al., 2001; Bisantz et al., 2003). Due to the scale of the analyses, 

recommendations could be made for various aspects of operation, ranging from control room to 

interface design. Bisantz et al. (2003) developed prototype interfaces that yielded acceptable 

performance, indicating the suitability of applying WDA to derive design recommendations. Whilst 

the design was not explicitly identified as an EID the utilisation of CWA and the referenced work 

implicitly implies the display is of an ecological nature. This work comprehensively analyses surface 

vessels, but it may not be suitable for deriving design requirements for submarines due to the 

different work domains.  

Interfaces utilising EID principles are not just limited to research. Warship Electronic Chart Display 

and Information Systems (WECDIS) are already present in modern submarine control rooms, 

presenting chart data in an ecological fashion to aid navigation. An example WECDIS interface, 

adapted from Offshore Systems Ltd (2007), is shown in Figure 21. The ownship icon and land 
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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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range. Alternatively, they may attempt to place a contact in the sonar baffles (blind spots), which is 

improbable, as no cuts would be received.  

In both instances, functional information regarding the sonar sensors' range and coverage could be 

overlaid onto the LOP to provide the operator with constraints to place the solution inside. 

Currently, the TMA system does not have this functionality, placing the onus on operators to 

perform these checks mentally. Whilst operators are well trained, a high workload situation may 

lead to mistakes or omission of sense checks. Furthermore, whilst sonar information could be 

retrieved from a sonar operator, bottlenecks in the system may impede the effective and timely 

communication of this data (Roberts and Stanton, 2018). Providing support directly in an interface 

developed using EID may relieve these issues, by reducing cognitive workload (e.g., mental 

manipulation of complex material) and additional communications across a complex network. In 

turn, this would benefit the entire control room sociotechnical system by ensuring tactical picture 

accuracy to ensure ownship safety, the top priority of any submarine (Mack, 2003). 

For operators working directly with MFCs, such as Sonar and TMA, improvements could be made 

to assist operators in overcoming challenges with their usage. For example, transient sonar signals 

are not currently highlighted. Therefore, operators must continuously scan the waterfall history for 

these signals, or a pattern of signals (Matthews et al., 2006). This increases workload and may 

distract the operator from other tasks. Following an EID approach to sonar design, support for RBB 

could be added, and transient signals could be highlighted to draw an operator’s attention for 

investigation, removing the need for them to manually find these signals.  

As sensors become more advanced, they will detect more contacts. Maintaining suitable SA about 

each of these contacts may exceed an operator’s capability unless the HMI allows intuitive storage 

and interpretation of the data. For sonar, this could be achieved by adding support for SBB in the 

interface, by utilising a skeuomorphic representation of available arrays. Current representations 

require mental translation to a 360⸰ representation, creating additional operator workload. 

Representing the waterfall data using a sensor's geometry could remove this workload, allowing 

operators to intuitively understand the location of traces in relation to ownship. 

KBB behaviour could be supported by ensuring that operators have all the required information 

available to support their tasks within their HMI. This may be of substantial benefit to TMA 

operators, who incorporate information from a variety of social and technical agents within the 

control room to generate contact solutions. Whilst modern combat systems are advanced, certain 

information is still transferred manually, such as the speed calculated by sonar. The speed is 

generated within a sonar MFC, yet is not passed digitally, nor displayed to a TMA operator. This 

adds unnecessary communication and relies on the TMA operator to manually incorporate the 
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speed into their solution. Given the amount of data being processed by TMA, this could add a 

substantial cognitive workload, which may be further exacerbated in the future by more advanced 

sensor capabilities. An EID design incorporating all required work-domain information could reduce 

the cognitive workload and difficulties (communication bottlenecks, many screens) associated with 

collating it manually; when information pertinent to TMA is generated by other MFCs, it could 

automatically be displayed to TMA operators, and their solutions validated against the information. 

In addition to taking advantage of innate abilities, supporting appropriate multi-level control allows 

operators to behave effectively when faced with new, unfamiliar situations (Drivalou and 

Marmaras, 2009), assisting in ensuring a correct and safe outcome. With submarines undertaking 

more missions and mission types than previously, such situations may be encountered with a 

greater frequency, potentially leading to incidents such as the USS Greeneville (National 

Transportation Safety Board, 2001) or Karen (Marine Accident Investigation Branch, 2016) 

accidents. EID interfaces for operators that rely on summary screens, such as the OOW, could 

enhance their SA and decision-making process during these situations. 

For example, if a proximity contact on a collision course with ownship were detected suddenly, then 

the OOW would be required to manoeuvre quickly and correctly to avoid the danger. If diving were 

not possible due to operating in busy littoral waters, the OOW would have to steer the submarine 

to a safe area of water. The OOW may be storing the tactical picture in their mind, without any 

effective assistance from command room screens (Ly, Huf and Henley, 2007); this would require 

the OOW to calculate a course of action mentally, which may incur a temporal penalty and not be 

the optimal course of action. Decision support screens, such as those proposed by Ly, Huf and 

Henley (2007) and Dominguez et al. (2006), designed using the EID paradigm could address these 

issues, allowing the OOW to plot a safe course of action with a comparatively low cognitive 

workload. This functionality could even be extended further to plot optimal courses to safety 

automatically. As a maritime environment can be challenging and unpredictable, it is advantageous 

to provide this support, reducing the risk posed by unfamiliar situations. 

In summary, whilst evolutionary design has yielded capable control rooms, there are still difficulties 

associated with their operation. This issue is present across multiple domains, not just maritime. 

However, EID could provide a means to mitigate these issues. With the objective of EID being 

synergistic with submarine control room operation (understanding the environment), and its core 

design goals supporting key issues identified across the control room, there is a strong case for it to 

be utilised. Furthermore, the implementation of EID interfaces may not have been previously 

possible due to organisational (risk aversion, training requirements) or technical factors (computing 

capability). However, with the advent of modern combat systems addressing these factors, 
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combined with precedence of adoption, an opportunity is afforded to capitalise on a design 

paradigm that could contribute to ensuring the suitability of future control rooms for challenges 

that lie ahead. 

4.3 Conclusion 

This chapter detailed how submarine control rooms operate as a complex sociotechnical system. 

The social aspects were described first, starting with the entire command team’s objectives, before 

narrowing down the focus to the work of Sonar and TMA as a focus of this thesis. Focus then moved 

to the technology that supports the command team in their work, and the challenges associated 

with its utilization. Finally, the case for EID being applied to Sonar and TMA, accounting for the 

practical issues discovered throughout the chapter, was put forth. 

The crux of this case was that while an evolutionary approach has kept submarines at the vanguard 

of capability, using contemporary means to achieve their mandate, emergent issues require 

addressing if they are to be capable of meeting future demands. Additional sensors, more data, 

more displays, and reduced crew numbers will create an onus for improvement that must be met 

to operate effectively. A need to address emergent issues stemming from increasing requirements 

is not necessarily limited to submarine control rooms. While control rooms across many domains 

continue to evolve to meet current requirements, future requirements may challenge this model 

of adaptation’s success. 

The interactions of the command team and the combat system to achieve a variety of missions 

define the control room as a sociotechnical system. One area of improvement may be the HMIs, 

which can be critical factors to success; current designs can accommodate contemporary 

submarine capabilities, however as the envelope of innovation is pushed, their efficacy is 

diminishing. This issue is not limited to the maritime domain. Avoidable losses for petrochemical 

control rooms or accident causation in nuclear power plant control rooms, serve as motivation to 

explore how best to meet future challenges. Decreased effectiveness has led to accidents where 

HMIs were identified as a contributing causal factor. Thus, it is pertinent to assess how they may 

be improved, concentrating on Sonar and TMA in the maritime control room domain due to their 

prevalence. 

The command team works to generate a tactical picture, whilst maintaining the three main 

objectives of submarine operation: remain safe, remain undetected, and complete the mission. As 

missions can be varied and complex, it is important that the Sonar and TMA HMIs support operators 

in maintaining effective performance in all situations. This performance may be negatively affected 

by the complexity of control room operations and HMIs. In the past, organisational, and technical 
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factors have impeded implementing a solution. However, modern combat systems could provide 

an opportunity to make HMI design changes. While this section has concentrated on the maritime 

domain, it is possible that other domains are making advances that could facilitate similar design 

changes. For all domains, a step change in HMI design could ensure optimal operator performance, 

and that they are fully supported by the interface. 

EID is proposed to mitigate issues with current Sonar and TMA HMI design, as the nature of work 

within the control room is synergistic with what it provides as a design paradigm (McIlroy and 

Stanton, 2015b): a focus on the environment, its properties, behaviours, affordances, and 

constraints. While designs employing EID principles currently exist for both Sonar and Combat 

Management (which includes TMA), with some in use within fleets, it does not mean that they 

cannot be improved upon; the benefits, or otherwise, derived from redesigning using EID should 

be explored to ensure their continued future effectiveness. As with their predecessor interfaces, 

these EID systems should continue to evolve to stay at the vanguard of function and innovation, 

facilitated by domain-specific advances (such as the flexibility and power of open command systems 

for submarine control rooms). The potential benefits of EID, coupled with the capability to realise 

them provides an interesting research space, which this thesis will explore. This process is started 

in the next chapter, which details the application of Work Domain Analysis and Worker 

Competencies Analysis to the Sonar waterfall to identify where improvements could be made. 
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 Cognitive Work Analysis of Sonar: What could 

be improved about the waterfall? 

5.1 Introduction 

Having made the case for Ecological Interface Design (EID) as a design methodology to explore in 

Chapter 4, a completed systems analysis was required to proceed with the redesigns. While there 

was an understanding of how submarine control rooms operated from the review in the first half 

of the chapter, this was prescriptive (describing what the system should do), as opposed to the 

formative (describing what it could do) analysis required for EID. This is an important distinction as 

work completed is not necessarily reflective of the work domain, and tasks completed might have 

become routine and dissociated from their originating constraints (Rasmussen, Pejtersen and 

Goodstein, 1994; Naikar, Hopcroft and Moylan, 2005). Therefore, Cognitive Work Analysis (CWA) 

was applied to the Sonar role in ComTET (the simulator facility where experiments in this thesis 

were conducted) to determine where improvements could be made, and the outputs are presented 

in this chapter, along with design recommendations. There is a focus on the waterfall as a leverage 

point, described by Read et al. (2018) in the CWA Design Toolkit as a system aspect that could yield 

large changes across the system if changed in a small way. The importance of waterfalls is 

corroborated by their prevalence in the Sonar literature (Chen and Burns, 2007; Ericsson, 2009; de 

Moura, de Seixas and Ramos, 2011). This importance makes it vital to understand how they work 

to achieve their goals, and where changes could be made to better support them. CWA was selected 

to model the system because of its close association with EID, and the prevalence of literature 

demonstrating this (Burns and Hajdukiewicz, 2004; McIlroy and Stanton, 2015b). While all stages 

of CWA can be applied to EID, the originally required, Work Domain Analysis (WDA) and Worker 

Competencies Analysis (WCA; McIlroy and Stanton, 2015b), were selected. 

The focus on the waterfall is because it is a core component of most Sonar implementations in some 

form, and changes to the way that it is implemented could have far-reaching benefits, especially 

given its key role in maintaining ownship safety. As Sonar is the origin of most information about a 

submarine’s operating environment, it is key to maintaining distributed situational awareness, 

defined in Section 4.1.1.2, throughout the entire control room. Accidents involving sonar (National 

Transportation Safety Board, 2001; Marine Accident Investigation Branch, 2016) have shown that 

the consequences of this awareness being degraded can be catastrophic. The key factors identified 

in these accidents were operator workload and the availability of sonar information. With the 

constant evolution of sonar systems and the amount of data they provide (Dominguez et al., 2006; 
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Gosling, 2008; Defence Equipment and Support, 2010; Jacobus, Yan and Barrett, 2012; Smith et al., 

2013), it is pertinent to focus design directions on reducing operator workload and making 

information more readily available, especially if there is a risk of the amount of data exceeding 

operators’ ability to process it (Woods, Patterson and Roth, 2002) or their working memory capacity 

(Mason et al., 1989). Working memory is defined as the necessary systems to keep items in memory 

while performing complex tasks such as reasoning, comprehension, and learning (Baddeley, 2010). 

This issue is potentially exacerbated by the disparity between the external environment and how 

aural data is represented by a sonar interface, with the interaction between perceptual and 

cognitive processes negatively affecting operator performance (Hanisch, Kramer and Hulin, 1991; 

Masakowski and Hardinge, 2000). 

Consequently, this chapter focuses on how the waterfall could be redesigned with increased 

ecological validity, shifting cognitive workload to perceptual workload, in line with the principles of 

EID. It details the completed abstraction hierarchy and worker competencies analysis, proposing 

design ideas for a Sonar redesign. For the former, the analysis will break down the waterfall into its 

component Physical Objects to examine what work could be completed using them and propose 

where improvements could be made to better support operators in achieving nodes at higher levels 

of abstraction hierarchy. It is recognised that the WDA is a formative method, focussing on what 

could be achieved, although this is made more accessible by understanding how functionality is 

currently offered to contextualise improvement recommendations. 

5.2 Method 

The method for the creation of WDA and WCAs for both Sonar (this chapter) and TMA (next 

chapter) are presented below. 

5.2.1 A Different Approach to WDA 

The work by Rasmussen, Pejtersen and Goodstein (1994) and Vicente (1999b) is the basis for CWA, 

see Section 2.3.1. However, there have previously been differing theoretical approaches and 

methodologies for WDA, the first phase, which can limit its accessibility and applicability (Naikar, 

Hopcroft and Moylan, 2005). The key reasons Naikar, Hopcroft and Moylan (2005) identified for 

this were contrasting presentations of the theoretical underpinnings, work that is difficult to 

interpret or generalise, and limited methodological discussion in seminal work. Their work aimed 

to address the lack of coherency by addressing conceptual issues and proposing a methodology for 

performing WDA, although they acknowledged that a methodology could never be completely 

specified but must align with the underlying theory. Lintern (2013) shares this sentiment, explicitly 
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stating that their method could be adapted as required so long as it fits their treatment of the 

underlying theory. Additionally, Kant and Sudakaran (2022) highlight how CWA theory has evolved 

with EID as the methodological application has changed over time. 

The adaptability of the CWA method is reflected in seminal work that combines applications (Burns 

and Hajdukiewicz, 2004; Jenkins et al., 2009; Stanton et al., 2017a), showing variability is 

acceptable, as well as work that proposes modifying CWA to account for contemporary system 

characteristics (Burns, 2012). Thus, CWAs in this chapter were compiled using the approach 

outlined by Stanton et al. (2017a), based on the method described by Naikar, Hopcroft and Moylan 

(2005), supplemented by the direction Burns and Hajdukiewicz (2004) provided for creating a CWA. 

Briefly, this approach comprises: 

1. Establish the analysis purpose: Define what will be considered in the analysis, and what 

the desired outcome(s) is/are. 

2. Identify project constraints: Determine what factors will constrain the analysis, such as 

time or money. 

3. Identify analysis boundaries: Determine an appropriate analysis size, that should capture 

what is required to achieve the desired outcome(s). 

4. Identify the types of constraints in the domain: Identify what categories and types of 

constraints are present in the domain. 

5. Identify sources of information for the analysis: Identify where information can be sourced 

from, aiming to utilise a variety of sources. 

6. Construct the abstraction hierarchy using readily available information: The abstraction 

hierarchy should be created using information that can be readily sourced and interpreted. 

7. Conduct special data collection exercises: Seek further information on the domain or from 

subject matter experts. 

8. Review with domain subject matter experts: The output should be reviewed by domain 

subject matter experts. 

9. Validate the output: Determine if the output is suitable through a validation exercise. 

It was decided to modify this method for the purposes of the WDAs conducted in this thesis, with 

the aim of exploring if methodological improvements could be made. The method was changed to 

include the Sonar and TMA HMIs in the analysis and to bound the analysis to them, in contrast with 

the general expectation to not include the item being designed (Burns and Hajdukiewicz, 2004). 

Sonar and TMA are a mix of law- and intent- driven domains (Bennett, 2014). Additionally, they 

implicitly employ metaphors for the work domain as it can seldom be directly observed, so 

representations of the environment are used, such as the tactical picture or Local Operations Plot. 
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It became apparent while performing the analysis that this had caused representations of Physical 

Objects from the work domain to implicitly become present in the interfaces, along with metaphors 

of the work completed. Consequently, Physical Objects in the display could be used as analogues 

to represent the work domain at the Physical Objects level of the abstraction hierarchy. An example 

of this would be the use of metaphors representing real-world equivalents in computing, such as 

the Desktop (an actual desk with files on) or the Recycle Bin (a space to store unneeded files before 

their complete disposal). A new HMI being built from the abstraction hierarchy could then build on 

the upper levels using these implicit metaphorical representations, yielding information 

requirements on new Physical Objects that could better support nodes above them that offer 

representations with a higher ecological validity than those currently present. This could also be 

used to build on “Physical Object Cards” in the CWA Design Toolkit (Read et al., 2015b), which was 

intended to promote the exploration of new ways to use existing Physical Objects within the 

system.  

Scoping the WDA to the existing HMI provides a level of abstraction that is appropriate to end-goal 

of a prototype interface, similar to the approach advocated for by Kortschot et al. (2017). The work 

domains of Sonar and TMA are very complex, which is reflected in systems designed for these 

domains, such as Sonar 2076 (a submarine sonar suite used by the Royal Navy (Gosling, 2008)) or 

the Common Core Combat System (a modern combat system for Royal Navy submarines (Owen et 

al., 2006; Scott, 2006; Defence Equipment and Support, 2010)). If one was designing for these 

systems, a WDA of the entire work domain (e.g., the physics of sonar and data processing pipelines) 

would be appropriate, capturing as much information as possible for consideration of novel designs. 

However, for exploratory work to establish the effectiveness of a design direction, as presented in 

this thesis, this would be an inappropriate level of detail. Abstracting away from specifics using the 

representations in the HMI allows the WDA to be more appropriately scoped to the level of detail 

and congruent with the exploratory nature of the work. Furthermore, this helped to address the 

issue of subject matter expert availability, cost, and time, addressing the constraining factor of 

these on the analysis, in line with step 2 above and potential downsides to the application of CWA 

(Vicente, 2002; Stanton et al., 2013; Hou et al., 2015). The entire work domains of Sonar and TMA 

are very complex and having access to enough suitable subject matter experts to address them in 

suitable detail would not have been feasible. By capitalising on the representative formats that had 

implicitly been included in the interfaces, it becomes possible to set a more appropriate boundary 

for the work domain, utilising a degree of abstraction to reduce the number of subject matter 

experts required. Outside of the context of this thesis, a reduction in subject matter experts 

required to populate an Abstraction Hierarchy is extremely beneficial, as companies might not have 

the expertise readily available, enough budget to hire lots of different subject matter experts, or 
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means to contact the required subject matter experts (e.g., no direct contact with operators). Care 

was taken to thoroughly prompt for ‘how’ and ‘why’ factors in the work domain, to address the 

concerns that workers had become dissociated from their domain (Rasmussen, Pejtersen and 

Goodstein, 1994; Naikar, Hopcroft and Moylan, 2005). This was helped by the subject matter 

experts having training in the work domain as well (e.g., courses to understand sonar principles, 

and how TMA plotting could be completed in different ways). 

The principle of describing categories instead of specific instances (Naikar, Hopcroft and Moylan, 

2005) was still adhered to, with entities being referred to in generic terms. For example, there are 

multiple bearing tape instances in sonar, but the WDA only includes a generic representation for all 

of them. Including the HMI mainly affected the bottom two levels (Physical Objects and Object-

Related Processes), when compared to the traditional approach, which would represent the 

submarine’s operating environment (e.g., ocean, boats, sensors, etc) as Physical Objects and their 

affordances (e.g., carry sound, emit sound, and detect sound) as Object-Related Processes. The 

practical reasoning for this was to increase the value proposition of the Work Domain Analysis by 

maximising the opportunity possible usage. By using the existing HMIs as the analysis target, it was 

posited that the abstraction hierarchies could be used for the main purpose of designing new HMIs, 

but also be used as training and formative reference materials for the current HMIs. For example, 

operators could use the abstraction hierarchies to identify what a component could be used for, or 

their options for achieving a specific goal using the system. This would go beyond a training manual 

which details the system and how it should operate, instead allowing operators to understand how 

they could use the system to achieve their goals. 

Alternatively, stakeholders developing the systems could be provided with a copy of the outputs to 

further their understanding of how the system operates. This could be especially useful when 

providing software engineers with a design to implement. As will be explored in more detail in 

Chapter 8, the provision of the original outputs to software engineers could be beneficial. Concerns 

regarding communication between human factors practitioners and software engineers are well 

recognised (Viller and Sommerville, 2000; Bruseberg, 2008; Baxter and Sommerville, 2010; Wells et 

al., 2011; Dhukaram and Baber, 2016), especially with regard to maintaining the richness of 

conducted analyses. Furnishing software engineers with formative information about the system in 

the form of a CWA could allow them to understand requirements better (McIlroy and Stanton, 

2012), especially if the requirements are typically expressed in descriptive terms and do not provide 

underlying information to understand why there are expressed as such. 

The outputs could also be used by the practitioners themselves, to record how the current HMI 

works, in conjunction with other methods such as Hierarchical Task Analysis (HTA). This could be 



Cognitive Work Analysis of Sonar: What could be improved about the waterfall? 

106 

useful for Human in the Loop (HITL) experiments that compare performance, especially where 

training materials would have to be developed to allow for the inclusion of novice participants, as 

opposed to already trained subject matter experts. The abstraction hierarchies could be used to 

plan how the system could operate for novice participants, considering the amount of training that 

they would have. Finally, showing benefits using the first iteration may serve as leverage for gaining 

additional resources or access to expand and iterate the WDA.  

5.2.2 Cognitive Work Analysis Creation 

The Human Factors Integration Defence Technology Centre (HFI-DTC CWA) Tool versions 1.0 and 

1.1 (Human Factors Integration Defence Technology Centre, 2007; Jenkins et al., 2009) were used 

to produce digital abstraction hierarchies. Further software was developed by the author to 

validate the abstraction hierarchies and to automatically render them using Microsoft Visio 

Professional 2016 (and later 2019). The individual process for WDA and WCA is detailed below. The 

completed analyses were validated through submission of project reports, which were reviewed by 

domain experts, and as part of the validation process in Chapter 7.  

 Work Domain Analysis 

The purpose of the WDA was to understand where improvements could be made to existing 

implementations of Sonar, specifically concentrating on the waterfall as a key leverage point. The 

analysis was bounded at the Sonar HMI for completeness, instead of focusing just on the sonar 

waterfall in isolation, which might cause factors pertinent to a redesign to be overlooked. 

A key constraining factor was access to subject matter experts. While they were generous with their 

time when available, this was limited and had to be used optimally. Consequently, learning was 

conducted independently as much as possible, combined with research from the concurrently 

running ComTET project. This meant that information was not sourced from specific teaching 

events, but it was gained from research activities and information osmosis (i.e., on the job training) 

as the project continued. This included, but was not limited to: conducting experiments and 

research; reading reports, journals, and books; formal and informal conversations with experts; 

experimenting with software; observing operators where possible; and watching documentaries. 

Subject matter expert input was sought throughout the ComTET simulator’s creation to understand 

control room operation and layout (Roberts, Stanton and Fay, 2015). An additional source of 

information was project management meetings, which were held quarterly, with feedback being 

provided on work as it was completed, including the analysis efforts. The expertise provided was 

varied, ranging from command team leaders to submarine designers. Additionally, the subject 

matter experts were from a range of defence organisations, including the Royal Navy, Defence 
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Science Technology Laboratory, and BAE Systems. The continued variety of expertise and 

organisations facilitated an in-depth understanding of submarine control room operation, which 

contributed to the process, in addition to assisting with simulator creation itself. This was further 

supplemented by the research conducted for Chapter 3, and tutorial material (user manual, video 

guides, written guides) for Dangerous Waters. 

At the point of creation for the Work Domain Analysis, the taxonomy of constraints from Chapter 3 

was still a work in progress and the existing prompts to discover constraints present within the 

domain were used in conjunction with a list of expected constraints that one would expect to find 

from a Cognitive Work Analysis expert (Stanton). This was a starting impetus for the generation of 

the constraint taxonomy, as a gap was identified to update future applications of the method to 

use the constraint taxonomy for step 4. The analysis outcomes were not updated once the 

taxonomy was completed as they had been built using general categories of constraints provided 

by a leading CWA expert, who was familiar with the constraints that would be found. Naikar, 

Hopcroft and Moylan (2005) addressed this in their treatment of the method, noting that being 

apprenticed to an expert makes aspects of the process more accessible, which in this case was 

understanding categories of constraints that would be present before this was confirmed by the 

taxonomy. 

The abstraction hierarchy was completed in the order recommended by Stanton et al. (2017a), 

starting from the top (Functional Purposes, Value & Priority Measures), moving to the bottom 

(Physical Objects, Object-related Processes), and then linking both halves using the Purpose-

Related Functions. There were two different versions, an initial version using a traditional approach, 

and an updated version employing the principles from Section 5.2.1. The main difference between 

the two was the bottom two levels (Physical Objects, Object-related Processes). 

The Functional Purposes in both versions were populated with station use-cases. These were 

derived from the understanding gained from the review of submarine control room operation in 

Chapter 4, along with discussions with submariner subject matter experts about what the core 

purpose for each role existing was. The result was a technical purpose for the role to exist (what it 

was needed for), along with the goal of supporting higher command activities, supporting the social 

concept that information is aggregated and abstracted through the command team in anticipation 

of its use by the Officer of the Watch (OOW). 

Global submarine goals (remain safe, remain undetected, and complete the mission (Mack, 2003; 

Mewett, 2014; Fay, Stanton and Roberts, 2017)) were not included as Functional Purposes for both 

versions. Instead, they were added as Value & Priority measures, as station success can be 

evaluated by measuring fulfilment of the goals. Other measures were subsequently added, utilising 
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input from submariner subject matter experts on how their role’s success could be measured. 

Measures were prefixed with ‘minimise’ or ‘maximise’ as they were not easily quantifiable (Naikar, 

Hopcroft and Moylan, 2005), especially when presented outside of a task-based context as in WDA. 

If a task was provided, then specific parameters could have been furnished, but this would have 

been at odds with the principle of WDA being task-independent. 

In the initial versions of the abstraction hierarchy, the Physical Objects were populated by items 

that had been identified from the pilot testing and knowledge familiarisation stage of ComTET. They 

were a combination of actual physical objects present in the system, such as sensors, and concepts, 

such as acoustic sonar information. These were subsequently connected to Object-Related 

Processes that detailed their task-independent affordances, and what they could be used for across 

all situations. 

After the initial analysis was completed, it was realised that the alternative approach in Section 

5.2.1 may yield a more complete analysis for the reasons outlined. Therefore, the bottom two levels 

were adjusted before continuing. For the Physical Objects level, each item in the interface was 

added in Western reading order (left to right, top-down). These items were generated from what 

could be given a specific name within the interface, such as specific buttons, or aspects of the 

waterfall. This ensured that the analysis was appropriately scoped and did not attempt to break the 

interface down into an irrelevant level of detail. This was also to ensure that items representing the 

work domain, a methodological choice for this analysis, were represented appropriately as a whole 

object. For example, a waterfall trace representing where an entity is in the water could be a 

representation of the entity itself, but the component pixels making up the line would not, and 

therefore not be useful in this context. 

Items on the Object-Related Processes level were then changed to align with the new Physical 

Objects, consolidating affordances exhibiting high similarity. They described what would be 

possible with the Physical Objects present from a technical and social viewpoint, considering the 

actions that they could participate in, even if they were not currently utilised in that way by current 

doctrine. This was to bring out the formative aspect of the analysis, showing what the interface 

could be used for, without limiting the affordances to how it should or is used. 

Finally, the Purpose-Related Functions level was constructed by listing functionality that linked 

purpose-independent processes (Object-Related Processes) to object-independent functions 

(Purpose-Related Functions). For both stations, this closely aligned with processes operators 

followed to achieve their aims, such as the Detect, Classify, Localise, Track (DCLT) initialism for 

Sonar (see Section 4.1.1.4). This functionality was expected from a Sonar station, but it was not tied 

to the Physical Objects, rather how the functionality they afforded was used. 
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The updated abstraction hierarchy was validated by submarine and human factors subject matter 

experts involved in the ComTET project. The experience of these experts ranged from novices to 

experts. Specific demographics were not collected as ethical approval was only gained to gather 

this information from people who volunteered to be part of studies, not people who were providing 

their expertise as part of the ComTET project. Subject matter expert experience was used to ensure 

the output was accurate and complete; human factors subject matter experts validated the 

output’s construction, and domain-specific subject matter experts (technical partners and 

submariners) validated the content. subject matter experts were asked to clarify or review certain 

aspects, including during the validation visit to the Talisman training facility at HMS Drake, detailed 

in Chapter 7, with the final product being reviewed by the research sponsors. This review was 

conducted as part of a delivered report for the ComTET project, which detailed the CWA process 

for Sonar and TMA. Feedback was provided on the report by a technical partner and a military 

advisor, and the completed analysis outputs were accepted. Minimal changes were required 

throughout, such as small wording changes, and clarification of concepts that were represented. 

The contents of this report were adapted into the contents of this chapter and Chapter 6, which 

were again reviewed by a technical partner before publication. 

 Worker Competencies Analysis 

WCAs were also constructed to understand what skills operators would require to effectively 

operate Sonar and TMA. A similar approach to Stanton and Bessell (2014) was used, but using a 

different level of the abstraction hierarchy; while Stanton and Bessell (2014) utilised Object-Related 

Processes (affordances of Physical objects) as situations, Purpose-Related Functions (Functions that 

can fulfil system goals) were used in this instance. This is because the specificity of Object-Related 

Processes in the Work Domain Analyses would have resulted in excessively specific detail, 

confounding the analysis. 

A table was constructed with the taxa of the Skills, Rules, Knowledge (SRK Taxonomy) as column 

headers, and the Object-Related Processes nodes as row headers. For each row, the appropriate 

cell was populated as follows: 

- Skill-based behaviour cells were populated using responses that reflected the behaviour of 

experts or people appropriately trained with the system.  

- Rule-based cells were populated using actions that would be taken if the operator was 

reacting to stimuli using rules they had been provided. 

- Knowledge-based cells were populated using prerequisite taught or experience-based 

theory that was required to carry out the task or could be utilised for handling unfamiliar 

situations.  
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Again, validation of the WCA was performed by subject matter experts associated with the ComTET 

project using the same process as the WDA outputs. 

5.3 Work Domain Analysis 

The initial abstraction hierarchy for Sonar is presented in Figure 22, and the subsequent completed 

version using the method from Section 5.2.1 that the analysis is based on is presented in Figure 23. 

They are both presented vertically so they can fit onto a singular page. This section will work 

through the different levels of the finished abstraction hierarchy, starting from the Functional 

Purposes. 

 

Figure 22 – Initial abstraction hierarchy of Sonar 

5.3.1 Functional Purposes 

Two Functional Purposes of Sonar were identified. They were to ‘facilitate tactical picture 

generation’ and ‘support higher command activities’. Other stations contributed towards 

generating this picture, however, aural data from Sonar was particularly vital as there are limited 

detection methods that can overcome limited underwater visibility and maintain covertness. 

Hence, it was included in the submarine control room and had the purpose of supporting command 

activities, and providing information for the Officer of the Watch (OOW). These reasons for existing 

would not be changed by the introduction of a new interface, as this would require consideration 

of the entire control room sociotechnical system. 
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5.3.2 Value & Priority Measures 

Two types of Values and Priority measures of success were present, global submarine goals, and 

local station-specific measures. Global measures of success are the submarine tenets (Mack, 2003), 

‘Maximise Safety’, ‘Minimise Counter-Detection’, and ‘Maximise Mission Objective Completeness’. 

Of interest is that these goals are ordered by importance, with ownship safety being an absolute 

priority; therefore, any new design should support this goal as a fundamental consideration above 

all else. To ‘Maximise Safety’, operators are required to detect other vessels, so that collisions can 

be avoided. This is closely related to ‘Minimising Counter-Detection’, where operators avoided 

vessels that were equipped to detect the submarine and ensure the submarine was not emitting 

excessive noise. Completion of both goals, in addition to providing required information about 

other vessels facilitated ‘Maximising Mission Objective Completeness’.  

There were local goals specific to Sonar, which were ‘Maximise Contact Detection’, ‘Maximise Signal 

Clarity’, and ‘Maximise Known Contact Information’. To ‘Maximise Signal Clarity’, operators can 

change sensors and settings to provide the clearest picture of their surroundings. In doing so, they 

could ‘Maximise Contact Detection’ by making the noises from surrounding vessels easier to detect. 

With the signals easier to detect, and therefore analyse, they could ‘Maximise Known Contact 

Analysis’. It is clear from these goals that the success of Sonar can be measured be how well they 

collect data and process that data into information. This suggests that any redesign of Sonar would 

need to ensure that operators can manage data effectively, and that they are provided the tools to 

process data into information. 

Most goals do not contradict any others, although there is a potential disagreement between 

‘minimise counter-detection’ and the local goals of sonar aimed at increasing the information being 

detected about contacts. They can all be achieved at the same time, although getting clearer 

information on a contact might require manoeuvring, deploying the towed array, or another action 

that increases that chance of counter-detection. This is mostly addressed by having more capable 

sensors that do not require such actions, although this will place a requirement on operators to 

manage the increased information. This does not change lower levels of the abstraction hierarchy, 

but does provide an impetus to move towards information representations that reduce the 

cognitive workload required to ensure that ownship safety is maintained. 
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Figure 23 – Full Abstraction Hierarchy of Sonar 

5.3.3 Purpose-Related Functions 

Each global goal was connected to all Purpose-Related Functions. Conversely, local goals each 

connected to a subset of Purpose-Related Functions. This indicated that functionality was not 

included if it did not facilitate meeting submarine tenets, and local goals did not dictate function 
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groupings. Instead, functions were correlated with components of the DCLT (Detection, 

Classification, Localisation, and Tracking) initialism, the four main functions of Sonar (Hughes et al., 

2010). Stages were concurrent but could occur in parallel for multiple contacts; operators could 

detect signals from a contact, classify these signals to understand the emitter, localise the emitter 

to a specific location, and then track its movements. The order was not prescriptive, and operators 

would structure their work according to their goals. Stages of DCLT were present as Purpose-

Related Functions, with nodes either being a direct equivalent (‘Detection of Contacts’ for 

Detection), or components ‘Interpret Contact Actions’ and ‘Predict Contact Actions’ for Tracking.  

Thus, it is evident that DCLT had been used to subset functionality within the system. Such a design 

choice is logical, although it does require operators to memorise information about contacts and 

switch between multiple screens of information to complete their activities, which could increase 

cognitive load (Michailovs et al., 2022) and saturate limited working memory (Cravens, 2021). More 

screens have been added with the aim of improving the information available to operators for 

decision making (Chalmers, Easter and Potter, 2000), although they might not have been integrated 

in the most optimal fashion (Hall, 2012). While the effect of multiple screens is partially offset by 

information being carried between screens and trackers being used to alias information across the 

screens, there is still opportunity for improvement. Therefore, it is proposed that a redesign could 

better support operators in achieving their goals by orienting the redesign around contacts, and 

collocating information to do so, as opposed to separating the information along fixed lines of 

functionality. However, it might be pertinent to still provide some degree of focus for operators, as 

Michailovs et al. (2022), citing Posner (1980), argue that this could form a natural ‘attentional 

spotlight’.  

5.3.4 Physical Objects and Object-Related Processes: How does the waterfall work, and how 

could be improved? 

The DCLT initialism manifested itself as five separate screens, of which three were used: broadband, 

narrowband, and DEMON (Detection Envelope Modulation On Noise (de Moura, de Seixas and 

Ramos, 2011)/Demodulation of Noise (Mill and Brown, 2005)). The last two screens, active and 

sound speed profile, were not used as they were beyond the scope of experiments being conducted 

in this research. Active sonar is seldom used by submarines due to their need to remain covert, and 

was therefore not used in the conducted experiments. The sound speed profile screen is used for 

more advanced sonar operations, such as understanding the paths of sound through the water to 

optimise detections. This capability was not selected for use in experiments as these competencies 

were not being assessed (i.e., whether operators could optimise the sonar system for a specific 

area). Instead, it was assumed that the sonar was working optimally, with the focus on how 
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participants would construct a tactical picture, which could be readily achieved using the first three 

screens. Operators could switch between each screen using on-screen buttons. Screens maintained 

their state, allowing operators to switch between them as necessary without losing data. This 

allowed them to work across various screens without noting information when switching, saving 

time and cognitive capacity. However, this still required the capacity to remember information 

between screens. Screens shared core component types, facilitating generalizable knowledge of 

other screens when one is understood. Of these common components, the waterfall was the most 

prevalent, appearing in all screens. 

As a reminder from Section 4.1.1.4, a waterfall displays aural information visually over time, see 

Figure 24a. The horizontal axis is typically bearing, although it can be frequency, and the vertical 

axis is time. When Sonar sensor data from available bearings is received, the interface displays it in 

a single horizontal line at the waterfalls’ top. Marks are drawn at their Direction of Arrival (DOA) to 

show received noise. This received noise includes background noise and noise being emitted by 

objects. New data is drawn above previous data, moving it down (see Figure 24b and Figure 24c), 

creating the appearance of a waterfall, hence their name. Background noise appears as specks, the 

concentration of which is directly correlated with the background noise. Over time, vertical lines 

can form, allowing operators to identify nearby sources of sound. 

 

Figure 24 – a) A Sonar waterfall, b) Aural data moving down the waterfall c) Aural data filling the 

entire waterfall, showing current and historical data 

To aid understanding of where improvements could be made and how, components of the waterfall 

were isolated from the main abstraction hierarchy to understand what functionality they afforded 

and how they did so. Isolation of the nodes was performed to make the nodes and links more 

apparent as compared to the entire abstraction hierarchy. Following means-ends links in the whole 

abstraction hierarchy could have revealed this information, however, due to the size of the full 

hierarchy, they have been presented separately. By only extracting the relevant nodes, the nodes, 

as well as links, were much more accessible and understandable. The Physical Objects being 
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examined are the bearing tape, time tape, contact trace, tracker indicator, and audio. The 

broadband waterfall was chosen to present for the waterfall examples, as it is more accessible to 

demonstrate without a detailed understanding of Sonar. For each Physical Object, an abstraction 

hierarchy specific to the object is presented, along with a description of current work, and what 

design ideas are yielded for a redesign of Sonar as a whole (i.e., not simply redesigning the Physical 

Objects in a 1:1 manner). The definitions for all nodes are provided in Table 15 to avoid repetition. 

After isolating the relevant nodes for each of the five main components of the waterfall, a holistic 

overview of the waterfall in-situ will be provided, alongside further ideas for improvement in a 

redesign. 

Table 15 – Definitions of nodes at each level (Functional Purposes → Physical Objects) contained 

in the isolated waterfall abstraction hierarchies presented in the sections below.  

Level Node Definition  
Functional 
Purpose 

Facilitate Tactical Picture Generation Support the creation of a picture that 
depicts what is currently around the 
submarine 

Supporting Higher command 
activities 

Ensure that senior posts can carry out 
their duty 

Value & 
Priority 
Measures 

Maximise Contact Detection Ensure all possible contacts are detected 
Maximise Known Contact 
Information 

Provide as much information as possible 
about contacts 

Maximise Mission Objective 
Completeness 

Contribute towards completing the 
assigned mission 

Maximise Safety of Operations Ensure that the submarine is always safe  
Maximise Signal Clarity Ensure that signals received can be 

interpreted by operators 
Minimise Counter-Detection Reduce the ways the submarine can be 

detected 
Purpose-
Related 
Functions 

Classify Contacts Functionality that enables operators to 
classify contacts 

Detection of Contacts Functionality that enables operators to 
detect contacts 

Gain Speed Estimates on Contacts Functionality that enables operators to 
make predictions about a contact’s 
speed 

Interpret Contact Actions Functionality that enables operators to 
understand a contact’s behaviour 

Predict Contact Actions Functionality that enables operators to 
predict a contact’s actions 

Transfer Information About Contacts Functionality that enables operators to 
communicate information about 
contacts 

Object-
Related 
Processes 

Available Bearings Which bearings are currently accessible 
to be analysed 

Create Tracker Assigns a tracker to a detection, so an 
operator does not have to manually 
follow it 
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Determine CPA Allows for the calculation of a contact’s 
Closest Point of Approach (CPA) 

Determine on-board gear (Cranes, 
Chains, etc.) 

Allows an operator to determine what 
equipment a contact has 

Determine Rough Range Can be used by an operator to calculate 
the rough range of a contact 

Determine Sonar Background Noise Shows an operator how noisy the 
background is, facilitating calculation of 
a Signal to Noise (SNR) ratio 

Drop Tracker Stops the automatic tracking of a contact 
Identify Boat Load Allows an operator to understand how 

loaded a contact is 
Listen to Audio from Sensor on 
Bearing 

Plays aural data directly from the array 
(sensor) 

Manual Target Assignment Allows an operator to explicitly assign a 
tracker/send a cut 

Name Shown Data Aliases a specific detection pattern so it 
can be referred to by the command team 

Predict Contact Course What course a contact will take, based 
upon current data 

Show Bearing of Contact The current bearing of a contact 
Show Currently Selected Bearing Shows which bearing the operator is 

analysing 
Show Scale of Historical Data Enables an operator to understand the 

timespan associated with historical data 
Show Tracker ID Associated with 
Current Bearing 

Shows the tracker ID related to a given 
bearing 

Visual Representation of Data from 
Array 

Data from the current array (sensor) that 
is represented visually 

Bearing Tape A waterfall axis, showing possible 
bearings 

Physical 
Objects 

Bearing Tape Position Indicator A small line that appears on the ‘Bearing 
Tape’, showing which bearing is being 
inspected 

Broadband Audio Current aural data from the current 
bearing being played 

Broadband Contact Trace A line formed from the ongoing 
representation of sound above 
background noise. All noise is 
represented as dots on the waterfall, 
with a coalescence of dots indicating a 
source of sound 

Time Tape A waterfall axis, showing the scale of 
historical data 

Tracker Indicator Text on the ‘Bearing Tape’, showing the 
presence of a tracker. For Sonar the text 
starts with ‘S’ and is followed by an 
incremented number 
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 Bearing Tape 

Bearing tapes were one possible horizontal axis of waterfalls, representing all bearings 0° - 360° as 

a flat strip. These angles are true bearings, using true north as 0°. This means that the tape did not 

move with ownship’s course. The ‘∇’ icon on the tape represented the stern of ownship, allowing 

operators to understand ownship’s course, which in turn allowed them to determine the relative 

location of contacts. Operators could move their mouse over each bearing to listen to the audio. 

The ‘|’ on the bearing tape represented where the operator was currently listening, inspecting, or 

analysing. Figure 25 shows an example bearing tape, with associated AH nodes. Using the ‘Bearing 

Tape’ an operator could identify the ‘Available Bearings’ on a waterfall. In combination with the 

‘Bearing Tape Position Indicator’, which ‘Showed Bearing of Contact’ they could determine a 

contact’s exact bearing. Together, this allowed an operator to ‘Transfer Information about 

Contacts’, therefore ‘Maximising the Safety of Operations’. By ensuring the safety of ownship, the 

operator was ‘Supporting Higher Command Activities’. 

While the representation of bearing data was compact, being represented in a straight line, this 

does not represent the actual bearings, which could be represented as a circle extending from 

ownship as an origin on a map display, similar to the schematic representation provided by in Shar 

and Li (2000; Figure 1). Adopting this representation of bearing information may increase the space 

required to display the information, but could make the information more accessible to operators 

by capitalising on a skeuomorphic representation of the bearings, not requiring a mental transition 

from the flat bearing strip to their internal view of the tactical picture and where contacts are. This 

could further support adherence to the Value & Priority Measures by reducing the amount of 

cognitive workload that operators require to interpret the current tactical picture. Such a 

representation is likely to require a map-based view, suggesting a direction for the organisation of 

any redesigned interface to reveal the functional aspects of the work domain. 
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Figure 25 – Bearing Tape Abstraction Hierarchy 

 Time Tape 

Time tapes were the vertical axis of waterfalls, representing a given historical timeframe. Present 

time was shown at the top, and the maximum time displayed was shown at the bottom. The unit 

of time was marked in the middle to provide scale. Data associated with a point in time was 

horizontally aligned with a given point on this axis, allowing operators to understand the position 

of contacts at that time. Over time, the history formed a trace on the waterfall, which could be used 

to understand more about a contact. Figure 26 shows an example time tape with associated AH 

nodes. The ‘Time Tape’ ‘Showed the Scale of Historical Data’ to an operator. They could use this to 

‘Transfer Information about Contacts’. Combined with other data, this allowed the command team 

to ‘Maximise Known Contact Information’, therefore ‘Facilitating Tactical Picture Generation’. 

The time tape appears to be a sensible reflection of history, although its representation is tied to 

that of the bearing tape. If the bearing tape changes to become a skeuomorphic representation, 

then that will remove the possibility of a time tape, potentially losing functional information about 

the data in the work domain. Consequently, this will require different Physical Objects to represent 

the data. Careful thought should be given to this, as the operator must be able to differentiate 

between past, current, and future data (Bennett, Payne and Walters, 2005). This is especially 

important as the abstraction hierarchy reveals that the time tape contributes to transferring 

information about contacts. If the information is not temporally suitable, such as communicating 
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an old position, then it could endanger ownship, violating the goal of ‘Maximising Safety of 

Operations’, which is the top goal. 

 

Figure 26 – Time Tape Abstraction Hierarchy 

 Broadband Contact Trace 

Solid lines, called traces, could appear on a waterfall display, indicating the presence of sound-

emitting objects, which could be a ship, submarine, or biological entity. For a broadband waterfall, 
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these occurred because of a concentrated visual representation of sound over time in the waterfall. 

An increased level of sound compared to background noise was shown by a higher concentration 

of polygons, which over time drew a line across the waterfall. Figure 27 shows an example trace 

from a broadband waterfall with associated AH nodes. A ‘Broadband Contact Trace’ was the visual 

representation of underlying data, for which operators could ‘Create a Tracker’. Trackers could be 

used to ‘Interpret Contact Actions’ and ‘Predict Contact Actions’. In doing so, the command team 

could ensure that they maintained a safe distance in order to ‘Maximise Safety of Operations’. This 

‘Supported Higher Command Activities’ as the Captain is ultimately responsible for a submarine’s 

safety, and as such any information that supports this is vital. 

The traces are well designed, as they can display a lot of information that supports information at 

higher levels of the abstraction hierarchy. In addition to being plotted against the bearing and time 

tapes to show those variables, they also utilise thickness and colour intensity to represent signal 

strength and how clear that signal is. This provides functional information to the operator, as it 

allows them to deduce information about the current status of the environment, such as how close 

entities are, or how fast they are travelling. This suggests that any redesign should seek to maintain, 

or even improve information provided by traces, permitting the operator to reason about the 

higher levels of the abstraction hierarchy. Furthermore, there is evidence that the colour and 

luminosity of visual sonar information can improve detection capability (Dawe and Galbreath, 

1997). This should be capitalised on in any redesign to ensure that information is as salient as 

possible for operators. 

Additionally, when displayed in the rectangular format of the waterfall, it might be easier to 

interpret contact behaviour as opposed to a spatially accurate representation (a circle extending 

from ownship). As the data is normalised onto the waterfall against the provided axes (bearing and 

time tapes in this instance), the behaviour could be predicted in a linear fashion, such as using a 

ruler to extrapolate the direction of a contact trace to identify its future bearing. Therefore, the 

redesign should seek to keep this level of utility in any redesign. This is especially important 

considering that the operator might focus on the traces as a representation of their work 

environment, so as much information as possible should be available to ensure that pertinent 

information is not missed. 
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Figure 27 – Broadband Contact Trace Abstraction Hierarchy 

 Broadband Audio 

In addition to the visual representation of aural data, waterfalls played audio directly from the array 

(sensor) to operators. For broadband audio, it would sound like listening to sounds underwater. 

Operators could detect vessels that have not made a trace yet or listen for more information on a 

vessel. For example, if clanking chains could be heard, this could indicate the contact is a fishing 

vessel. This is important as a trace alone would not reveal this information. Figure 28 shows 

associated nodes for broadband audio. An operator could ‘Listen to Audio from a Sensor on a 

Bearing’ using ‘Broadband Audio’ to assist with the ‘Detection of Contacts’. The combination of 

listening for contacts and visually searching for traces ‘Maximised Contact Detection’, providing 

information that ‘Facilitated Tactical Picture Generation’. 
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As with the visual trace, the audio is an important aspect of Sonar. It reveals counterpart functional 

information about the contact, utilising the different modalities to provide information that 

corroborates and builds on visual information displayed in the visual trace. For example, the audio 

trace could allow the operator to classify the contact. This is useful information by itself, although 

can reveal the clues about the constraints currently acting on the submarine’s environment, such 

as staying a safe distance from fishing vessels, or expecting the presence of an escort, revealing that 

more contacts might be present. A bimodal representation of sonar data can also produce a reliable 

advantage over one modality alone (Doll and Hanna, 1989; Lewandowski and Kobus, 1989). This 

suggests that the redesign should capitalise on this, maintaining synergistic links between the 

information represented by a trace and its counterpart audio. Furthermore, Watson and Sanderson 

(2007) demonstrated that auditory data may be better suited to supporting skill-based behaviour 

over visual data, owing to its transitory nature. As the audio is a live feed, it represents present 

states in a natural manner, allowing operators to naturally interpret it over time. 

 

Figure 28 – Broadband Audio Abstraction Hierarchy 

 Tracker Indicator 

When a trace or sound was identified on the waterfall, the operator could assign a tracker. The 

tracker appeared as text in the bearing tape, showing an incremental number, prefixed with ‘S’ for 
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Sonar. For example, the first and second trackers assigned would be ‘S01’ and ‘S02’ respectively. 

All trackers followed the bearing of their underlying signal so long as they could detect it. This freed 

the operator to perform analysis without having to manually collect data. However, the number of 

active trackers was limited to eight per sensor. If more trackers were required, the operator either 

had to wait for one to become available or drop an unused tracker. Trackers could be dropped by 

dragging and dropping them onto the waterfall area. This was not done often and occurred for 

contacts no longer of interest. At a pre-specified interval, each tracker would automatically send a 

cut (the exact bearing) through to TMA, who would perform further analysis to determine the 

contacts’ bearing, course, range, and speed. A signal with a tracker was termed a contact, an 

external entity of which the command team was aware. Figure 29 shows an example tracker 

indicator with associated AH nodes. A ‘Tracker Indicator’ allowed an operator to ‘Name Shown 

Data’. Using this alias allowed operators to ‘Transfer Information about Contacts’ by providing a 

descriptor for a specific contact. By associating all contact information with a tracker alias, the 

command team could ‘Maximise Known Contact Information’, which ‘Facilitated Tactical Picture 

Generation’. 

The tracker indicator is a Physical Object representation of the concept of trackers that is adhered 

to around the control room, passing information using the assigned alias, as opposed to ‘the contact 

at bearing …’ or a similar alternative. This means that information becomes ‘attached’ to the 

tracker, increasing an operator’s cognitive workload to maintain situational awareness of this 

information. However, the interface does not currently support this, with information that 

operators require being displayed across multiple screens, as will be shown in Section 5.3.5. 

Furthermore, this also places requirements on an operator’s limited working memory, requiring 

them to remember information from across the interface if they are seeking to understand higher-

level information about a contact, such as ‘transferring information’ to ‘maximise known contact 

information’. This suggests that operators could be better supported in achieving these goals by 

representing summary information about contacts in proximity to their tracker, reducing the 

cognitive workload and working memory requirements, in addition to making the underlying data 

structure of information for contacts more visible. The latter is important as this is not readily 

achieved in current submarine control rooms, with information being distributed across the control 

room. 
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Figure 29 – Tracker Indicator Abstraction Hierarchy 

5.3.5 Operation of the Sonar screens 

It can be seen in Figure 30 that there are four broadband contact traces visible, on bearings ranging 

from around 290 to 170. Each trace has been visible for at least thirty seconds. The operator is 

currently looking and listening to a bearing of ~170° (under ‘S01’). The trace at this bearing has been 

assigned the tracker ‘S01’. While polymorphic waterfall implementations exist, their core objects 

and functionality, expressed by each isolated abstraction hierarchy above, remain consistent. An 

understanding of waterfall functionality facilitates a greater understanding of the three Sonar 

screens they appear (see Figure 31 – Figure 33), thus providing operators and system designers with 

an understanding of the Sonar operation and where improvements could be made. 
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Figure 30 – The Waterfall as a display, with four traces shown. Note that 0° is at the centre of the 

display. 

 Broadband Screen 

Figure 31 shows the ComTET Sonar Broadband screen, bounded with areas of interest. Area “a” 

highlights two discrete waterfalls. The direction of ownship’s stern is marked by ‘∇’ and the line 

below it. Black space on either side of the line shows where the submarine is and hence a signal 

cannot be received. These voids can also occur when a sensor's field of view does not include a 

range of bearings. In both cases, they are called baffles. An exact bearing for the bearing tape 

position indicator is shown in the ‘Cursor Position’ textbox in Area “d”. Area “b” enables the 

operator to toggle playing aural data and changes whether 0◦ or 180◦ is at the bearing tape’s centre. 

This does not affect the functionality of the interface but can make it easier to interpret data. Areas 

c and e change the time tape’s scale for the top and bottom. Area “f” changes the array that 

populates the waterfalls. Area “d” handles contact management. The ‘Designate Target’ button 

allows operators to assign a tracker. Operators can manually send data at any time for a tracker 

using the ‘Manual Cut’ button. If an operator is inspecting a bearing with a tracker, it will show in 

the ‘Track I.D’ text box. ‘Tracker Review’ allows an operator to jump between trackers. ‘Clear 

Waterfalls’ removes all history from both waterfalls, and is sometimes used in conjunction with 

course changes, or bearing centre changes to prevent confusion arising from old data being 

displayed. 
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Figure 31 – Sonar Broadband User Interface, with ownship stern marker (‘∇’) enlarged for clarity 

 Narrowband Screen 

Figure 32 shows the ComTET Sonar Narrowband screen. Area “c” is a Low-Frequency Analysis and 

Recording ‘gram’ (lofagram; de Moura, de Seixas and Ramos, 2011). ‘Gram’ as a suffix signifies 

something being written or recorded in a certain way. This resembles a broadband waterfall, with 

a frequency tape replacing the bearing tape. For a specified direction of arrival for sound, the audio 

is split into its constituent frequencies and plotted on the waterfall. These frequencies can be 

unique to known contacts, being emitted from known models of machinery used only for a specific 

class of vessel. This allows comparison to the gram in area “b”, which shows the known frequencies 

of the selected contact from area “e”. Area “d” changes the scale of frequency tapes for areas ‘a’ 

and ‘b’, permitting an operator to see small frequency ranges clearly, and to fit large frequency 

ranges. The currently selected frequency is also displayed. It is possible to filter the profiles that can 

be selected using an algorithm, although this may be inaccurate, so it is possible to cycle through 

all profiles. Area “a” resembles the broadband waterfall. However, it does not have a time tape, 

displaying all information in real-time with no history. Larger peaks than surrounding areas 

correlate to traces on broadband and selecting that bearing will display the signal breakdown in 

area “a”. It is possible to assign a tracker in narrowband, but trackers are usually assigned in 

broadband, as this is where a contact will first be detected. 



Cognitive Work Analysis of Sonar: What could be improved about the waterfall? 

127 

 

Figure 32 – Sonar Narrowband User Interface 

 DEMON Screen 

Figure 33 shows the ComTET Sonar DEMON screen. Area “b” splits a signal into its components as 

in area “a” in the narrowband screen but concentrates on propulsion. In the figure, the leftmost 

line represents a shaft, and the other three represent attached blades. Multiple shafts are 

represented with a horizontal gap between groups of signals. The signal being inspected is changed 

from area “a”. Area “d” calculates speed using the frequency of a shaft, combined with an entered 

Turns per Knot (TPK) value. A TPK value is the ratio of propeller rotations to speed for a given vessel, 

or type of vessel (Dryer, 2002). This figure is derived by taking a classification from narrowband or 

another source, retrieving a stored value from a dataset, and entering it using the rocker. The speed 

textbox will automatically update as the TPK value changes.  
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Figure 33 – Sonar DEMON User Interface 

 Issues with Operating the Screens 

From examining how the operator could use the available Sonar screens, the issue of information 

being spread out across the interfaces, alluded to in Section 5.3.4.5, becomes apparent. Operator 

cognitive workload will be increased from managing data across different screens, which also places 

requirements on their working memory. A common strategy that operators use to address this is 

to create a table of information on a whiteboard or paper, and then record information to this as it 

becomes available. While this can reduce working memory utilisation, it places a requirement on 

the operator to maintain their records so that they are synchronised with the current data. This 

introduces two related potential points of failure. The first is that they might use stale information 

from their record, potentially negatively affecting attainment of Value & Priority Measures such as 

‘Maximise Known Contact Information’ and ‘Maximise Safety of Operations’. The importance of 

information being passed correctly is highlighted by Stanton and Roberts (2018) finding that 

‘bearing’, ‘course’, ‘contact’, ‘speed’, and/or ‘knots’ are consistently passed between operators in 

scenarios. Each piece of information can be determined or inferred from sonar, creating a central 

point of information degradation that could propagate around the control room. As incorrect 

information about contacts can lead to accidents (National Transportation Safety Board, 2001; 

Marine Accident Investigation Branch, 2016), it is vital that any redesign seeks to support operators 

in maintaining information about contacts and situational awareness by reducing the need to 

maintain their own record of data. The second issue is that there is that the recorded information 

requires cognitive processing to translate the written format into an understanding of the real-
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world representation to ‘Interpret Contact Actions’ and ‘Predict Contact Actions’. Therefore, in 

addition to supporting operators in maintaining their information, the new interface could order 

the data such that it requires cognitive processing. This is congruent with the notion of providing 

functional information in an ecological interface design, adding the physical information typically 

displayed (Dinadis and Vicente, 1996). 

5.4 Worker Competencies Analysis 

WDA has furnished an understanding of how Sonar could be improved in a redesign by examining 

the waterfall as a technical leverage point, although it did not reveal the social aspects of 

accommodating operators of different skill levels. As a sociotechnical system, formed by the 

operator and console, it is vital to ensure both for a complete understanding of Sonar operation. A 

WCA, see Table 16, shows how operators of different skill levels interact with Sonar. From this, it is 

possible to understand what functionality is useful to different skill levels of operators, and to 

inform design requirements (McIlroy and Stanton, 2012). 

The WCA shows that there is support for all operators in the interface. However, the interface does 

not differentiate between the operators, with limited configurability available. For example, expert 

operators rely on experience to recognise patterns and extract information (e.g., classification, 

speed) from this, whereas novice operators would use tools to extract the same information. The 

options available in Figure 31b-e appear to exist to assist SBB for operators when ‘Detecting 

Contacts’. Novice operators exhibiting KBB may only rely on strong visual and aural signals and thus 

may not employ these settings designed to detect subtle traces. Similarly, expert operators may 

not have any use for the classification information in Figure 32e when ‘Classifying Contacts’, 

although novice operators may find this information useful. This suggests while capability is 

provided to support different skill levels of operators, a redesign could offer more configurability 

to support this. This is reinforced when considering that information is currently spread out across 

multiple screens, which may disproportionately affect novice operators, who require access to 

more supporting tools across these screens. 
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Table 16 – WCA for a Sonar Interface 

 Skill-based  

Behaviour 

Rule-based  

Behaviour 

Knowledge-based  

Behaviour 

 Observed behaviour of 
experts 

If-Then rules to identify 
if a task should be done 

Prerequisite 
knowledge / capability 
for novices to 
complete tasks 

Detection of Contacts Experience in 
identifying subtle 
signals that indicate a 
faint, or evasive, 
contact 

Changing settings to 
maximise detection 
capability 

Establish if detection 
occurs on any other 
arrays when detected 
on Sonar 

Find Sonar counterpart 
to detections from 
other sensors if not 
already detected 

Listen for aural noise 
from Sonar arrays 

Visually identify traces 
on the waterfall 

Transfer Information 
About Contacts 

Assess command team 
requirements, 
providing information 
proactively 

Inform command 
immediately of 
changes to contact 
information 

Assign a tracker 

Send a manual cut 

Verbally communicate 
details 

Classify Contacts Classify unknown 
contacts using 
behavioural/signal 
traits 

Consult reference 
material for known 
vessels if classification 
is not immediately 
known 

Compare narrowband 
to database signatures 

Identify sound 
patterns 

Gain Speed Estimate 
on Contacts 

Calculate speed 
directly from a signal 

Use traits of speed to 
check speed, such as 
high revs for high-
speed 

Use priors for default 
speed based on 
contact type if not 
known 

Analyse DEMON signal 

Identify sound 
patterns 

Predict Contact 
Actions 

Use experience to 
predict contact actions 
based on their type, 
disposition, and 
previous actions 

Use intelligence 
provided to identify 
actions that a contact 
may take (e.g.: follow 
a shipping route) 

Make a forecast based 
on trace history 

Make forecast based 
on contact known 
information 

Make forecast based 
on contact known 
classification 

Interpret Contact 
Actions 

Use experience to 
interpret contact 
actions based on their 
type, disposition, and 
prior behaviour 

Use intelligence to 
identify causal factors, 
such as shipping lanes, 
weather conditions 
and/or other vessels 

Assess trace history 

Make judgement 
based on contact 
known information 
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Make judgement 
based on contact 
known classification 

5.5 Insights Gained 

5.5.1 Cognitive Workload and Working Memory Are Key 

The key areas for generating design directions for a new sonar interface have been reducing an 

operator’s cognitive workload and reducing demands on their working memory. While separate 

concepts, their joint induction is linked to current design choices, namely information and tools 

being displayed across screens (Cravens, 2021). This requires operators to switch screens to gather 

all information on a contact, increasing cognitive workload, and to store information in working 

memory between screens. The effect of screen switching was noted by Michailovs et al. (2022), 

although they provided an alternative viewpoint in that the separation could create a natural 

“attentional spotlight” and reduce cognitive burden, referring to the work of Posner (1980). This 

work proposed that people can only monitor one spatial region at a time (Tong, 2004). However, 

Tong (2004) presented evidence that the spotlight could be divided in certain circumstances. This 

divided attention could be used to focus on multiple pieces of information in an integrated display, 

with the benefits of reduced cognitive workload from the “attentional spotlight”. 

A move to a representation with greater ecological validity as part of the ecological interface design 

process may also address the issue of multiple screens. Firstly, it could reduce cognitive workload 

by facilitating direct perceptual processing without intermediary steps where possible (Gibson, 

1979; Rasmussen and Vicente, 1989; McIlroy, 2016). Secondly, by arranging the interface according 

to the functional information identified from the abstraction hierarchy, information could be 

sufficiently collocated to derive an appropriate understanding of the current state and structure of 

information in the operating environment (Vicente and Rasmussen, 1992; Bennett and Flach, 2019). 

This could be extended to providing sonar operators with information from other roles that they 

currently do not have. This was shown to be beneficial by Michailovs et al. (2021), who found that 

teams constructed a more accurate tactical picture when they had access to pertinent shared 

information. 

Colocation of information based on identified functional requirements may also reduce the 

constraining effect of limited working memory, as operators will not be required to transition 

information between screens to gather information on a single contact. Conversely, this approach 

might increase the amount of working memory required to construct information formed from data 

from multiple contacts, such as refreshing all speeds. Another consideration for working memory 
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is factoring in the communication of the command team, which would utilise the phonological loop. 

This would require an operator to split their working memory between processing current sonar 

data, and handling communications. A reduction in capability for either is not optimal. Therefore, 

it would be pertinent to consider furnishing operators with communication using a different 

modality, such as textually (visual), with the aim of freeing capacity. This could increase capacity as 

is has been suggested that there are separate limits for different modalities, with increased demand 

occurring when modalities make joint demands on a common representational format (Wang et 

al., 2003; Fougnie et al., 2015; Tamber-Rosenau and Marois, 2015). Increased capacity could also 

help to address the issue of production blocking that Roberts et al. (2019) identified, where 

synchronous information communication (i.e., one person may speak at once) can degrade verbal 

information (Roberts and Cole, 2018). As only one person can speak at a time, individuals may not 

be able to communicate when required, and may subsequently forget to communicate, or 

consciously choose not to as their information seems less original or relevant (Stanton et al., 2003), 

citing from (Diehl and Stroebe, 1987). Roberts and Cole (2018) also discussed that there is evidence 

demonstrating that workload affects verbal communication capacity. Adding an alternative mode 

of communication such as textual chat might also help to address these issues, providing operators 

with more outlets to communicate as quickly as possible, and using a suitable medium to do so. For 

example, sonar operators who are listening for a quiet contact might prefer to share potential 

bearings via text chat to keep the audio modality free, and to avoid blocking other operators’ 

communications (multiple simultaneous textual messages would get stored in the conversation 

history, instead of being hard to distinguish overlapping voice communications). 

5.5.2 Data Should be Displayed in a more Representative Manner 

WDA showed that Sonar exists to enable tactical picture generation, in addition to supporting 

higher command activities. The successes of these purposes were identified by the fulfilment of 

local and submarine goals. Local goals appear to have driven Sonar’s design, splitting functionality 

along the DCLT process, using screens to perform different operations. The abstraction hierarchy 

revealed the waterfall as a core concept across these screens. Implementations were polymorphic, 

with comprehension of one waterfall being translatable to others. It is hypothesised that the 

waterfall continues to be a pervasive Sonar interaction mechanism due to its ability to display time 

series data in a readily interpretable and data-dense fashion, minimising the chance that the 

amount of data presented would exceed the operator’s ability to interpret it (Woods, Patterson 

and Roth, 2002) or store it in their working memory (Mason et al., 1989), when compared to other 

representations of the data, such a table of numbers representing the signal parameters at each 

bearing. Both current and historical data can be presented simultaneously, facilitating an operator’s 
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goal of understanding contact actions, maintaining their situational awareness. Traces further 

enhance presented information, allowing operators to understand signal intensity and patterns. 

However, despite the effective display of information, a waterfall does require cognitive processing 

by the operator, which may negatively impact their performance (Hanisch, Kramer and Hulin, 1991; 

Masakowski and Hardinge, 2000). This cognitive capacity could potentially be better utilised on 

other tasks. For example, the bearing tape represents circular data but is a straight line. If bearing 

data was represented as a polygon, operators could potentially understand a signal’s bearing more 

intuitively. Alternate designs should be sought for physical objects that require additional 

processing, ensuring operators have as much cognitive capacity as possible for more complex tasks, 

which could be safety critical. The waterfall presents significant amounts of information in a 

compact area, utilising co-located components to enhance presented information. Should a 

redesign occur, it would be pertinent to place a focus on ensuring that information is represented 

sufficiently in the new design and that functionality gained from co-located components is not lost. 

For example, the aural and trace representations of a contact provide operators with a lot of 

information separately, and their colocation tightly integrates this information readily. Any redesign 

should seek to keep this symbiotic relationship or ameliorate functionality deficits that may result 

from their separation. 

5.5.3 Configurability and Support for Different Skill-Levels is important 

The WCA revealed that extensive training allows operators to use Sonar at a skill-based level, with 

experience facilitating rule-based and knowledge-based completion of tasks. However, the Sonar 

interface is the same for all operators, regardless of experience. This poses two potential problems: 

overwhelming junior operators and inhibiting experienced operators. 

When performing tasks from Table 16, working memory will be utilised by operators to process 

what they perceive, commit experience to long-term memory, and inform future actions. For novice 

operators utilising KBB, perceiving task-irrelevant, but still present, interface aspects may saturate 

their working memory (Mason et al., 1989). Consequently, relevant information may be 

overlooked, or an improper outcome may occur from valid information, potentially adversely 

affecting ownship safety. Additionally, these operators may expend cognitive effort on placing only 

relevant information into working memory, delaying decisions, and potentially becoming 

overwhelmed. In both circumstances, this could affect their situational awareness, which may 

affect the command team’s distributed situational awareness. For example, if an operator utilising 

KBB was using the broadband screen (Figure 31), they may only use the top waterfall from area “a” 

and contact management in area “d”. However, as Sonar cannot be configured to support this, the 

extra waterfall and available settings may reduce clarity. Potential options to mitigate this would 
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be an abridged interface, or the ability to hide irrelevant components temporarily. As operators 

gain experience, they will be able to work at the Rules as well as Knowledge levels of the SRK 

Taxonomy for certain complex tasks, enabling the performance of these tasks in a comparatively 

autonomous manner. The extra cognitive capacity created can help operators to perform more and 

more complex tasks. However, this may require more switching between different levels of 

cognitive control as they may have differing skill levels for tasks. Thus, transitions between the 

levels should actively be supported by the interface (Vicente, 1999b; Kilgore and St-Cyr, 2006) to 

avoid hindering operators. Operators should be able to perform tasks at any level of the SRK 

Taxonomy, without the Sonar interface requiring changes that could disrupt their cognition. This 

could be achieved using a combination of simple features, such as using a dropdown menu to select 

waterfall features or advanced features that change the system to suit the operator. The operators’ 

skill level should be accounted for, exploiting their innate cognitive capabilities. These can be 

simple, such as knowing the colour red indicates danger, or complex, such as finding an object of 

interest in a perceptually rich environment. By capitalising on abilities that do not require conscious 

processing, spare working memory capacity can be retained, potentially enabling operators to 

maintain better SA. 

Expert users will work with Sonar using SBB. If the interface does not support this fully, then 

conscious cognitive effort will be required. While expert users are still likely to generate correct 

outcomes despite being inhibited by the interface, task timeframes may be extended. For example, 

consider that from the broadband screen an expert user cannot see a contacts classification, 

DEMON traces, or speed. These factors may be used by operators to predict contact behaviour. If 

all variables were immediately accessible, these predictions could be made readily; however, as 

they must be found in the interface, time and working memory penalties are introduced. These 

penalties could lead operators to take too long to identify a hostile contact or miscalculate a 

contact's speed, leading to adverse ownship safety consequences that could be avoided by fully 

supporting the operator's cognitive requirements. 

5.5.4 Summary of Insights 

A summary of design insights proposed throughout this chapter is presented in Table 17 for 

convenience. 
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Table 17 – A summary of insights gained from conducting WDA and WCA on Sonar 

Section Insight 

5.3.2 

5.5.3 

The interface should be configurable and support effective data management and 

provide tools to process data into information for operators of all skill levels. 

5.3.2 Use information representations that reduce cognitive workload. 

5.3.3 

5.3.4.5 

5.4 

Orient the interface around contacts and their information, as opposed to specific 

information gathering processes (DCLT) and provide configurability. 

5.3.4.1 

5.5.2 

Adopt a map-based display to show bearings and other related information with 

greater ecological validity.  

5.3.4.2 Represent time effectively on the map-based display. 

5.3.4.3 Maintain affordances provided by traces. 

5.3.4.3 Maintain utility of traces on waterfall for interpreting contact behaviour. 

5.3.4.4 Maintain bimodal processing of sonar data. 

5.3.5.4 Move as much information management as possible into the interface so that separate 

sources do not need to be maintained. 

5.5.1 Provide operators with information from other stations if useful. 

5.5.1 Textual chat might be useful for operators. 

5.6 Conclusions 

This chapter has explored the waterfall as a leverage point for deriving insights for redesigning 

Sonar. The concept of a leverage point is to make changes to a system aspect that can affect change 

throughout the system (Read et al., 2018). The waterfall was focused on as it is a common 

representation of sonar data (Chen and Burns, 2007; Ericsson, 2009; de Moura, de Seixas and 

Ramos, 2011).  

It presented the method used for completing the WDA and WCA for doing so, mostly in line with 

that of Stanton et al. (2017a), Naikar, Hopcroft and Moylan (2005), and Burns and Hajdukiewicz 

(2004). However, a different approach was proposed for WDA. The notion of making contextually 

driven changes appears throughout the literature, including in seminal work (Burns and 

Hajdukiewicz, 2004; Jenkins et al., 2009; Stanton et al., 2017a). The difference was to scope the 
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analysis to the existing interface, populating the Physical Objects level with interface components. 

This approach was taken as it was realised that the interface was already utilising representations 

of Physical Objects within the work domain. Thus, it was posited that it was possible to use these 

items as proxies for the actual Physical Objects in the domain. This built on the concept of methods 

of representing Physical Objects in an EID (Talcott, Martinez and Stansifer, 2007; Bennett and Flach, 

2011). If these perceptual forms had already been included in the interface implicitly, then it could 

be possible to utilise them. It is proposed that this approach has merit to align the process with 

conceptual work, as presented in this thesis, by appropriately limiting the analysis size and scope 

with the planned experiment in mind, as advocated for by Kortschot et al. (2017). Additionally, the 

approach was designed to capitalise on available subject matter expert resources, requiring fewer 

experts to provide detail at the scope required. Finally, the change was made to be congruent with 

the cyclic nature of WDA, cognisant of the requirement to iterate to provide more detail where 

required. In this instance, this would involve mainly changing the bottom two levels to account for 

using the actual Physical Objects within the work domain. This means that the abstraction 

hierarchies can be taken forward for more traditional applications. 

The resultant WDA and WCA were presented, along with the design insights that they yielded, 

which are summarised in Table 17. For the WDA, the waterfall was broken down into its component 

Physical Objects to understand how it operates and where changes could be made. This was done 

as the operation of Sonar is not a readily understandable concept, such as driving. Therefore, a 

degree of normative information was required to contextualise the formative recommendations. 

The insights gained focused on the reduction of cognitive workload and working memory utilisation, 

both of which arose from the way that information is structured and processed in the current 

interface. Overall, the first difficulty was how aural data is represented. The waterfall is a common 

representation of sonar data for a good reason, owing to the amount of data it can encode, 

although it takes a different form than the environment it represents, which would degrade 

situational awareness and require additional cognitive effort to process. Providing a representation 

with greater ecological validity might address these challenges. It is also apparent that Sonar 

remains the same for operators of all skill levels, potentially degrading their efficacy due to working 

memory limitations or lack of support for an operator’s skill level. It was suggested that the 

redesigned interface could address this by providing configurability and tools appropriate to 

operators at each skill level. The next chapter will focus on detailing recommendations for TMA, 

utilising the method proposed in this chapter.
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 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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6.2 Work Domain Analysis 

The abstraction hierarchy for TMA is shown in Figure 34. There is not an initial version as with Sonar, 

because Sonar was the first abstraction hierarchy to be completed and was iterated based upon 

the proposed updated method in Section 5.2.1, whereas this was created directly the approach. 

 

Figure 34 – Full Abstraction Hierarchy of TMA 
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6.2.1 Functional Purpose 

The TMA interface exists to ‘facilitate tactical picture generation’ and ‘support higher command 

activities’. A tactical picture is a map of a submarine’s current environment, with all known details 

plotted onto it, providing support for command decisions. TMA takes time series data collected for 

detected vessels from other stations, such as Sonar and Periscope, to create and calculate a likely 

location and movement profile. The location is plotted directly onto the tactical picture, directly 

informing decisions by the Officer of the Watch (OOW). As these decisions affected the submarine's 

mission and safety, TMA is an integral part of a submarine control room. These goals are common 

to all aspects of the command team, although there is a greater emphasis on facilitating the tactical 

picture, as TMA combines the provided data to synthesise solutions. While other stations do 

contribute to the tactical picture, a requirement to directly input information onto it means that 

TMA is a high priority goal and tactical picture compilation should be supported and/or enhanced 

by as much functionality as possible.  

6.2.2 Value & Priority Measures 

As with Sonar, there is a mix of global goals and local goals present. All three global submarine goals 

(Mack, 2003), ‘Maximise Safety’, ‘Minimise Counter-Detection’, and ‘Maximise Mission Objective 

Completeness’, are present. To ‘Maximise Safety’ operators plot the location of vessels onto the 

tactical picture, allowing the command team to navigate safely around them, preventing collisions. 

Plotting vessel locations allows the submarine to ‘Minimise Counter-Detection’, either by 

maintaining distance or facing the quietest part of the boat towards the specific contacts. By 

contributing information to strategic decisions made by the OOW, TMA can ‘Maximise Mission 

Objective Completeness’. 

Measures of success specific to TMA are ‘Maximise Knowledge of Contacts’, ‘Minimise Threats from 

Threat Priority’, and ‘Maximise Solution Integrity’. The measure of success ‘Maximising Knowledge 

of Contacts’ has two meanings. Firstly, as much information as possible about a contact’s location 

and behaviour must always be available. Second, to achieve this, operators must have all the 

information known by other members of the control room, such as Sonar. This collection of 

knowledge is closely related to the measure of success ‘Maximising Solution Integrity,’ as operators 

should ensure that all information provided about a vessel is as accurate and complete as possible. 

By maintaining a high level of information integrity, the OOW can ‘Minimise Threats from Threat 

Priority’ by effecting suitable strategies for the current tactical picture. 
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All measures of success for TMA are synergistic, aimed at maintaining the most accurate tactical 

picture possible to ensure that ownship remains safe as a top priority. With more data being 

generated from control room operations across more screens (Dominguez et al., 2006; Stillion and 

Clark, 2015), the ‘how’ of meeting these goals should focus on the proper integration of data to 

reduce screens, as well as provision of appropriate information and tools. This could also support 

the OOW further by making information more accessible for them to make decisions, as knowledge 

integration can be challenging without the correct support (Dominguez et al., 2006).  

6.2.3 Purpose-Related Functions 

The Purpose-Related Functions were different stages of processing contact information, including 

‘Choose Contact’, ‘Create Solution’, and ‘Refine Solutions’. Each function has connections to 

multiple measures of success, indicating that all functionality contributes generally to achieving 

station measures of success. Functionality is not subset into groups for global and local measures 

of success, reinforcing this indication. Having multiple links between each Purpose-Related 

Functions and Value & Priority Measures indicates the system is designed to provide a toolkit of 

functionality that can be used at the operator’s discretion to achieve their goals in a contextually 

appropriate manner. For example, if the OOW asked TMA to ‘Maximise Knowledge of Contacts’, 

but they did not have enough information to ‘Refine Solutions’, they could still achieve this by 

‘Creating Solutions’ for contacts they had not yet processed. 

This manifests as having only one screen for TMA, which should reduce the increased cognitive 

workload and working memory requirements (Cravens, 2021; Michailovs et al., 2022) associated 

with switching between screens. However, these are likely to be replaced by the need to manage 

the data and information for contacts. While the information is displayed on screen, the operator 

must still take information from other operators and enter it onto their display. An example of this 

is when Sonar operators verbally communicate a calculated speed, requiring them to remember 

this speed until they can navigate to contact and enter the information into the solution. As with 

Sonar operators, they can record information externally, but this has the implications discussed 

previously (see Section 5.3.5.4). This is further exacerbated for TMA operators, as they handle data 

from other stations, meaning that they must communicate with others to update their data. This 

can be subject to information bottlenecks (Roberts, Stanton and Fay, 2017b), production blocking 

(Stanton et al., 2003; Stanton and Roberts, 2020), and mistakes. Given that the information 

concerned is easily passed digitally, a design suggestion would be to implement mechanisms for 

sharing information between operators in this manner where possible. Another challenge for 

operators is that they must interpret contact solutions to determine a future state, a key aspect of 

situational awareness (Stanton et al., 2017b). This is in part provided by the functionality to 
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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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The LOP does not display all contacts at once and displays a maximum of two contacts at a time, 

one that is being worked on, and another for comparison of data as a merge candidate. The 

operator is visually shown the cuts and can decide, although they are not provided with functional 

information to verify that the merge is fundamentally viable, such as the contacts having similar 

bearings or being from different sensors. This could be improved in a redesigned interface by 

alerting the operator if a merge appears to be incorrect. The contact shown can be changed using 

drop-down menus, which list all available contacts to work on. However, operators are not alerted 

by the interface if a new contact is cut to them, or a contact otherwise needs attention. Thus, 

another design suggestion would be to always make the available contacts visible to operators, and 

to use the contact displays to show functional information about the contact (e.g., has not been 

seen in __ minutes, and therefore needs to be investigated to fulfil higher-level goals of ‘maximise 

solution integrity’ and ‘maximise safety of operations’). The state of the LOP is saved when changing 

contacts and restored when returning to a contact. However, there is no overview that allows 

operators to see all contacts at once, which could provide them with more functional information 

to understand their environment, such as limiting solution possibilities for a contact based on where 

other contacts are. There is a tactical picture screen that could be used, although this would require 

the operator to split their attention between the two screens, whereas it could be better to provide 

the information appropriately integrated into the LOP (Hall, 2012; Michailovs et al., 2021). 

To aid understanding of where improvements could be made and why, components of the LOP 

were isolated from the main abstraction hierarchy to understand what functionality they afforded 

and how they did so. This was done to make the nodes and links more apparent when compared 

to the entire abstraction hierarchy. The means-ends links in the abstraction hierarchy could have 

revealed this information, however, they have been presented separately to make them more 

accessible and understandable. The Physical Objects being examined are the map space, ownship 

icon, cuts, and speedstrips. For each Physical Object, an abstraction hierarchy specific to the object 

is presented, along with what could be achieved using it and why. The definitions for all nodes are 

provided in Table 18 to avoid repetition. After isolating the relevant nodes for each of the four main 

components of the LOP, a holistic overview of the TMA screen operation will be provided, alongside 

further ideas for improvement in a redesign. 
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Table 18 – Definitions of nodes at each level (Functional Purposes → Physical Objects) contained in 
the isolated LOP abstraction hierarchies presented in the sections below. 

Level Node Definition 
Functional 
Purpose 

Facilitate Tactical Picture 
Generation 

Support the creation of a picture that depicts what is 
currently around the submarine 

Supporting Higher 
Command Activities Ensure that senior posts can carry out their duty 

Value & 
Priority 
Measures 

Maximise Known Contact 
Information 

Provide as much information as possible about 
contacts 

Maximise Safety of 
Operations Ensure that the submarine is always safe  
Minimise Counter-Detection Reduce the ways the submarine can be detected 
Maximise Mission Objective 
Completeness Contribute towards completing the assigned mission 
Minimise Threats from 
Threat Priority 

Reduce threats to ownship, whether accidental or 
deliberate 

Maximise Solution Integrity Ensure that solutions are valid, accurate, and reliable 
Purpose-
Related 
Functions 

Create Solution 
Provide time and space positional information for a 
contact 

Assess Solutions 
Determine a solution’s suitability, validity, accuracy, 
or reliability 

Ensure Solution Accuracy Specifically ensure a solution’s accuracy 
Merge Solutions Combine two separate solutions into one solution 
Refine Solutions Make changes to a solution 
Remove Solutions Delete a solution 
Split Solutions Split a combined solution into its component parts 
View Solutions Look at available solutions 

Object-
Related 
Processes 

Choose Contact Select a contact to work with 
Gauge Solution Accuracy Determine how accurate a solution is 
Representation of Contact 
Information Represents information pertaining to a contact 
Compare Possible Solutions Comparison of differing solutions for a contact 

Predict Contact Actions 
Predicts the actions that a contact may take in the 
future 

Analyse Solution History Assessment of data in a solution 
Create Possible Solution for 
Contact Synthesise a new solution for a contact 
Determine Course Direction Ascertain the course of a solution 
Assess Contact Information Analyse the available information for a contact 
Change Solution Drastically Make considerable changes to a solution 
Manipulate Solution Make changes to a solution 
Locate Solution on Display Find the location of a solution 
Determine Bearing Rate Ascertain the bearing rate of a solution 
Display Parameters of 
Solution Speedstrips Shows the component parts of the solution 
Analyse Previously Entered 
Solutions Assessment of prior contact solutions 
Choose Solution Speedstrip Select a speedstrip to work with 
Commit Solution Saves a solution, either sharing it or keeping it locally 
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Representation of Current 
Environment Displays the submarine’s current environment 
Change Accuracy Required Vary how accurate a solution is 

Physical 
Objects Line 

The central line of a speedstrip that other 
components are attached to 

 

Distance Marks 

Small perpendicular marks on the main speedstrip 
that denote where cuts would have occurred on the 
solution 

Directional Arrowhead 
An arrow at the leading end of the speedstrip 
showing direction, and allowing manipulation 

Movement Circle 
A circle in the middle of a speedstrip, allowing 
manipulation of its location 

Bearing Rate Indicator(s) 
Displays the bearing rate of a given solution 
speedstrip 

Solution Display - Working 
Numerical parameters of the solution that is being 
worked on by the operator 

Solution Display - Shared 
Numerical parameters of the solution that has been 
shared to the tactical picture 

Solution Display - Private 
Numerical parameters of the solution that has been 
saved locally 

Solution Accuracy Display 
A component for determining how accurate a 
solution is 

 Map Space 

The map space is the black background to the LOP, which represents the environment in which the 

submarine is currently operating. For security reasons, the actual map is not usually displayed and 

is replaced by a blank area. This is so that operators do not know where the submarine is at any 

given time, although adding some form of a map might provide additional information useful to 

solution construction. Operators can pan and zoom the area using either the mouse, keyboard, or 

buttons below the LOP. While no geographic information is available, the blank space is 

representative of a two-dimensional top-down map view, so the pan and zoom capability enables 

operators to select an appropriate working area. Figure 36 shows an example map space, with 

associated AH nodes. The ‘Map Space Display’ is the background for ‘Representation of Current 

Environment’, allowing operators to ‘View Solutions’. This allows them to ‘Maximise Known Contact 

Information’, which can be used to ‘Support Higher Command Activities’. 

The LOP being based around a map view suggests a level of synergy that could be exploited by a 

redesigned interface. If both Sonar and TMA information could be represented on the same display, 

the integration could offer better information assimilation (Dominguez et al., 2006; Hunter, Hazen 

and Randall, 2014). While Sonar information is currently displayed using the waterfall display, the 

design recommendation to shift to a skeuomorphic representation of bearings makes this a 

possibility if both interfaces are designed simultaneously, or even as one interface that combines 

both sets of functionality.
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Figure 36 – Map Space Abstraction Hierarchy. Note that the map space is deliberately blank for operators. 
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 Ownship Icon 

The geographic position of ownship is represented as an icon on the map view. In addition to 

showing location, it also shows ownship’s location, course, and speed. Course is represented by an 

intersecting line with an angle of the current course, and the length of the line is proportional to 

the submarine’s speed. The icon’s position is updated automatically, so operators are not required 

to manually track or otherwise update the icon’s location. Figure 37 shows an example ownship 

icon, with associated nodes. The ‘Own-Ship Icon’ helps to place the submarine spatially in a 

‘Representation of the Current Environment’. This can help during ‘Solution Creation’ as it provides 

a point of reference. By enabling accurate solutions to be entered the submarine can ‘Minimise 

Counter-Detection’ by maintaining separation from contacts that could counter-detect, therefore 

completing the purpose of ‘Remain Undetected’ to ‘Support Higher Command Activities’. 

While the current interface provides a representation of the current environment, it does not 

provide functional information associated with ownship that could be beneficial for operators to 

complete their work. For example, sensor ranges are not displayed from ownship, meaning that 

operators cannot directly perceive the sensor geometry, which could help narrow down solution 

possibilities; contacts cannot be detected outside of a sensor’s capability, so solutions should not 

be placed outside of this range. This information should be represented to TMA operators in a 

redesigned interface, allowing them to combine knowledge from the position of ownship’s icon and 

the sensor ranges. 
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Figure 37 – Own-ship Icon Abstraction Hierarchy 
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 Cuts 

Cuts are lines drawn to represent a detection on sensors. They are drawn as straight lines 

originating from ownship’s location to the maximum range of the detecting sensor, with an angle 

equivalent to the detection’s bearing. A different colour is used to represent cuts from each sensor. 

A new cut is provided either when a tracker is assigned, when information is manually sent, or when 

a tracker automatically sends data at a specified interval. Cuts automatically being sent from 

trackers is useful as it removes the need for operators to do so, although it does mean that 

information can lag for TMA operators if an action occurs a significant amount of time before the 

next cut (i.e., immediately after a prior cut), which might be important if a contact is manoeuvring. 

A redesigned TMA interface could address this by providing a mechanism for TMA operators to 

receive continuous information about contacts where possible. As with the Sonar broadband audio, 

this could benefit operators by allowing natural interpretation over time, including the use of 

updated visualisations (Cunningham and Thomas, 2005). A related issue is that the last cut is not 

differentiated for the operator, which can make it unclear what the most recent information is, 

which should be addressed in any redesign.  

As each sensor can assign its own contacts, one physical entity may have had several contacts, at 

least one on each sensor, and therefore several groups of cuts. When a sensor creates a contact, it 

assigns a number based on how many contacts it had detected previously and prefixes it with an 

identifier for the sensor type. For example, if the periscope found three contacts previously, the 

new contact would be designated V04 (V stands for Visual). Alternatively, the first Sonar contact 

would be designated S01 (S stands for Sonar). These cuts can be combined by merging contacts and 

treating them as one, unifying the cuts. Figure 38 shows an example series of cuts, with associated 

abstraction hierarchy nodes. When the first ‘Cut’ is sent, an operator should ‘Check Cuts’ to ensure 

that it was received and that subsequent ‘Cuts’ can be. When a solution is created the ‘Cuts’ allow 

an operator to ‘View Solutions’, ‘Maximising Known Contact Information’. This information can be 

used to assist with ‘Tactical Picture Generation’. Currently, the interface does not provide feedback 

on the merges, even if they are obviously incorrect, which could be addressed by having automation 

validate the merge choice to determine if it was suitable and alerting the operator if not. This could 

be bolstered by having the interface arrange contact information in such a way that makes merge 

possibilities evident. 
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Figure 38 – Cuts Abstraction Hierarchy 
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 Speedstrips 

Speedstrips are visual representations of a solution and its parameters. Figure 39 shows an example 

set of speedstrips with an associated abstraction hierarchy. Each ‘Solution Speedstrip’ can be used 

to ‘Create a Possible Solution for a Contact’, which is part of the ‘Create Solution Process’. By 

ensuring that solutions have been entered for each contact, the submarine can steer away from 

collisions to ‘Maximise the Safety of Operations’. By assisting with this process, TMA operators are 

‘Supporting Higher Command Activities’. Speedstrips are manipulated by operators working with 

the LOP to enter, assess, or modify a solution. There are three types of solution: working, shared, 

and private. The working solution can be manipulated by the operator to create an accurate 

solution. Once this is achieved, they can share the solution and a copy of the working speedstrip is 

marked onto the LOP. This copy is the shared speedstrip and cannot be directly interacted with but 

can be updated by updating it from the working solution again. The private speedstrip is generated 

when the operator saves a solution locally as a personal ‘backup’. Like the shared speedstrip, it 

cannot be directly edited, but can be updated from the working speedstrip. The lack of direction 

manipulation possibilities for the speedstrips is not optimal, as changes will require shifting 

speedstrips around if the operator is currently working on a solution. This is cumbersome for the 

operator and could result in lost work if they do not save their working speedstrip to the private 

speedstrip before overwriting it with the shared speedstrip to edit it. Consequently, direct 

manipulation should be added for all speedstrips, allowing the operator to work on the separately, 

making the process less cumbersome. 
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Figure 39 – Speedstrip Abstraction Hierarchy 



Cognitive Work Analysis of Target Motion Analysis: What could be improved about solution entry? 

152 

A speedstrip as a holistic Physical Object has different properties to its component Physical Objects, 

which could reveal additional requirements for an updated interface. These components are the 

line, marks, arrowhead, movement circle, solution parameters, and solution accuracy display. They 

will be presented below to understand the design recommendations that they yielded.  

6.2.4.4.1 Line 

The speedstrip line visually represents a contact’s path. Figure 40 shows an example line with 

associated AH nodes. The ‘Solution Speedstrip Line’ helps operators to ‘Assess Solutions’ by 

‘Analysing the Solution History’ to determine its accuracy. By understanding how accurate each 

solution was, operators can ‘Maximise Known Contact Information’, which ‘Facilitates Tactical 

Picture Generation’. As the speedstrip is manoeuvred, the line visually reflects the solution’s course 

and distance covered. The line’s length is not fixed and is directly proportional to speed, which 

dictates its length. As the line is straight, any change in course by the contact requires the speedstrip 

to be positioned such that the line matches the new course. This is not representative of the work 

domain, as contacts can change direction and do not always travel in a straight line. This limits direct 

perception of a contact’s history as an operator will have to recall or redetermine previous 

directional information for the contact, which increases cognitive workload and might be 

inaccurate. Therefore, it would be pertinent to introduce capability to map multiple legs of contact 

behaviour so that historical data can be readily viewed. Related to this is displaying future data to 

maximise situational awareness, which is also not currently shown. While the speedstrip dead-

reckons, it does not show the operator functional information in the form of predictions, which 

could be improved in future interfaces.
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Figure 40 – Line Abstraction Hierarchy 
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6.2.4.4.2 Marks & Solution Accuracy Display 

Marks are perpendicular lines to a speedstrip’s main line that represent cuts. An analogy would be 

that the main line was a timeline, and each mark was an event marker. Marks are not always 

equidistant, as a contact could change speed, resulting in different distances being covered in the 

interval between automatic measurements being taken by a tracker. When creating a solution, they 

should be aligned with the cut that they represent. If cuts and marks are aligned it means that the 

solution could be accurate, as it places the events at the same place as the cuts. However, if the 

line were moved to accommodate a course change, cuts from the old trajectory are not expected 

to match as they were on a different path. The cut nearest the arrow allows the speedstrip to be 

manipulated by dragging its position, as does the first mark. Figure 42 shows an example mark with 

associated abstraction hierarchy nodes. ‘Solution Speedstrip Distance Marks’ allows operators to 

‘Analyse Solution History’ when they are ‘Refining Solutions’ to ensure they get the most accurate 

solution possible. This ‘Maximises Solution Integrity’, and allows command to understand the 

environment, ‘Supporting Higher Current Activities’. 

The solution accuracy display allows operators to determine how close their cut marks are to the 

cuts. The middle line represents the most accuracy, and the lines on either side represent a lower 

accuracy. Each dot represents a mark on the speedstrip. If the dots align with the central line, then 

that cut mark is aligned with a cut. If not, then it was far from a cut. Aligning all dots is not a 

necessity, as contacts could change direction, meaning that a straight speedstrip would never align. 

However, it is important to align the final few dots representing a steady course and speed. 

Alignment does not mean complete accuracy, as without narrowing it down, there are many 

configurations where the speedstrip could match the underlying cuts. Figure 41 shows an example 

solution accuracy display, with associated nodes. The ‘Solution Accuracy Display’ allows an operator 

to ‘Gauge Solution Accuracy’ when ‘Assessing Solutions’. This assessment is part of a process to 

‘Maximise Solution Integrity’, and therefore ‘Facilitating Tactical Picture Generation’. 

Despite the matching of marks to cuts being a key part of a TMA operator’s workload, there is little 

capability to support this, such as the solution accuracy display. This causes an increase in cognitive 

workload for operators as they attempt to manoeuvre the speedstrip to align the marks and can 

lead to frustration as they can visualise what solution they would like but cannot easily enter it into 

the computer and get the marks to align. Therefore, the capability to ‘draw’ solutions directly, 

instead of manoeuvring an existing one should be added. Additionally, given that it should be a 

trivial issue for modern computers to automate the alignment, the relevant intersections could be 

computed automatically from the speedstrip, adding marks at the intersections of the two most 

recent cuts that are overlaid by the speedstrip. Two intersections instead of one to determine 
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velocity between the two intersections. In general, it should be considered a priority to ensure that 

the interface completes tasks that can be automated wherever possible, especially if there is little, 

or no, benefit to the operator completing them manually.  

 

Figure 41 – Solution Accuracy Display Abstraction Hierarchy 
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Figure 42 – Marks Abstraction Hierarchy. The white chevrons indicate where the marks are located and are not part of the Physical Object. 
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6.2.4.4.3 Arrowhead 

The solution arrowhead is the leading end of the speedstrip, indicating a solution’s course. It does 

not indicate the last detection. It is used to manipulate the solution direction by dragging it around 

the map to align cuts and marks visually. Figure 43 shows an example arrowhead, with associated 

abstraction hierarchy nodes. The ‘Arrowhead’ allows an operator to ‘Determine the Course 

Direction’ of a solution. As a vessel’s direction could generally be determined by the order of cuts, 

the ‘Arrowhead’ can be used when ‘Creating a Solution’ to ensure it is heading in roughly the correct 

direction. By plotting the correct directions for contacts, their movements can be determined, and 

they can be avoided. This can ‘Maximise the Safety of Operations’, which ‘Supports Higher 

Command Activities’ by ensuring the safety of ownship. 

Like other components providing information to the operator, they arrowhead provides physical 

information to the operator showing the direction of a solution, but stops short of providing 

associated functional information, such as whether the direction is possible. As cuts have a time 

associated with them, the interface could warn operators if their speedstrip does not align with the 

data. For example, if operators placed the arrowhead at an old cut, the solution would 

automatically be incorrect, as they are using stale data, but the interface does not warn them. 

Generally, there is an opportunity for automation to be implemented to support operators in 

validating logical constraints affecting solution creation. 
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Figure 43 – Arrowhead Abstraction Hierarchy 
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6.2.4.4.4 Movement Circle 

The movement circle is in the middle of a speedstrip and facilitates speedstrip translation through 

dragging and dropping. Sometimes a cut appears behind the circle, changing its appearance from 

‘o’ to ‘ϕ’, however, this does not affect functionality for either. Figure 44 shows an example 

movement circle, with associated abstraction hierarchy nodes. The ‘Movement Circle’ allows an 

operator to ‘Manipulate a Solution’ to ‘Ensure Solution Accuracy’. A vessel's position can be known 

with an accurate solution, allowing it to be avoided to ‘Minimise Counter-Detection’, and therefore 

‘Supporting Higher Command Activities’ by evading detection. While operators can manipulate 

solutions using the movement circle and arrowhead, this interaction can be cumbersome and incur 

additional cognitive workload. An example of this would be if an operator wanted to move the 

solution to match a proposed solution they had visualised in their head. They would need to utilise 

multiple controls to translate and transform the speedstrip, an operation which might be better 

supported by allowing operators to ‘draw’ a new speedstrip in the desired location.  

 

Figure 44 – Movement Circle Abstraction Hierarchy. The white chevron indicates where the circle 

is located and is not part of the Physical Object. 
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6.2.4.4.5 Solution Parameters 

The four components of a solution (bearing, course, range, and speed) and the associated bearing 

rate are shown in the solution parameters area. Bearing rate is the magnitude of bearing change 

for a solution in a given direction, either port (left) or starboard (right). Figure 45 shows an example 

working solution parameter display, with associated AH nodes. The ‘Solution Displays’ provide 

numeric data from each speedstrip, allowing an operator to ‘Assess Contact Information’. Based on 

this information, they may ‘Refine a Solution’ to ‘Maximise a Solutions Integrity’. This ‘Supports 

Higher Command Activities’ by ensuring the most up-to-date and accurate solution is always 

available. Each component is displayed in a text box. For the working solution display, these values 

can be changed to known information, such as speed from sonar analysis. However, despite the 

speed being generated digitally on a Sonar operator’s interface, it must be communicated to the 

TMA operator. This requires the use of working memory if the operator must switch the relevant 

contact and enter the data provided, especially if data on multiple contacts is provided at once due 

to communication bottlenecks identified by Stanton and Roberts (2019). 

Component solution values can also be locked if the information is known. This restricts a 

speedstrip’s degrees of freedom, which in turn reduces the number of available speedstrip 

positions, enabling a solution to be found easier. For example, the speedstrip would have a fixed 

length if the speed were locked. Operators can then match the fixed space marks to the cuts at the 

most appropriate location. However, the interface does not provide any support for operators to 

do so, despite the problem being especially suitable for algorithms that could show possible 

solutions, or possible areas for solutions based on the current restrictions. 
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Figure 45 – Solution Parameters Abstraction Hierarchy 
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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. 

 

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 (McIlroy 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  

Behaviour 

Rule-based  

Behaviour 

Knowledge-based  

Behaviour 

 Observed behaviour of 
experts 

If-Then rules to identify 
if a task should be done 

Prerequisite 
knowledge/capability 
for novices to 
complete tasks 

Choose Contact Experience of knowing 
which contacts to 
work on, and when 

Choose priority 
contacts when they 
are identified 

Choose contacts that 
may be dangerous 
(either by proximity or 
hostility) 

Select a contact to use 

Select a contact to 
request information 
on 

Create Solution Experience of typical 
solutions for contact 
types 

Experience of patterns 
in cuts, which suggest 
solution components 

Revert solution if no 
better solution can be 
found 

Utilise information 
from other operators 

Manipulate Working 
Speedstrip 

Share working solution 

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 when a 
split is incorrect 

Identify erroneously 
merged contacts to 
split 

Separate contacts 
when ordered 

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; Genç, 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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performance and workload, although impaired non-automated task performance (Tatasciore et al., 

2020). However, it has been shown that increasing the degree of automation does not further 

detrimentally impact situational awareness, non-automated task performance, or return-to-

manual performance (Tatasciore et al., 2018; Tatasciore et al., 2020). Tatasciore et al. (2022) 

posited that the slow-moving nature of tasks and contract tracks was an enabler for maintaining 

situational awareness and return-to-normal performance, when compared to the faster evolving 

tasks such as air traffic control, unmanned vehicle control, and driving. Alone, this would suggest 

that as much as possible should be automated, as the detrimental effects would remain constant. 

However, Tatasciore et al. (2022) found that more comprehensive automation for a task produced 

the expected benefits but caused poorer automation failure detection. Given the direct role of TMA 

in maintaining the tactical picture, an unnoticed failure in automation designed to yield information 

pertinent to this is undesirable. Therefore, the automation might be better implemented as small 

chunks of capability that the operator can immediately tell if they have failed, such as generating a 

solution for a contact given the current data. While this work structure (manual, supported by 

automated tools) might incur a workload cost for the operator, this might be preferrable for 

operators so they can maintain their situational awareness for quick reactions where required. This 

is important, as while contacts can move slowly (Tatasciore et al., 2022), transient factors in the 

environment such as sudden starts (the abrupt appearance of a previously undetected contact) and 

the temporal window for accident avoidance through problem recognition and remediation can be 

fast-paced events. Another benefit of implementing automation that responds to an operator 

request could be that the operator will be focused on the output, allowing the automation to 

include any doubt, which could mitigate the automation bias (Wickens et al., 2015; Man et al., 

2018). Automation bias can be defined as the tendency to use automated cues in lieu of vigilant 

attention seeking and processing, resulting in errors arising from a failure to detect errors (Mosier 

and Skitka, 1996). 

6.4.2 Increase TMA Automation & Enforce Solution Parameter Verification 

WDA showed that TMA exists to facilitate tactical picture generation and to support higher 

command activities. TMA had global measures of success, which were to maintain a submarine’s 

three tenets, and local measures of success to ensure the provision of an accurate tactical picture. 

The speedstrips, core components of the LOP, contributed heavily towards this goal by enabling 

solution creation. They functioned as tools that enabled information from cuts to be transformed 

into a full solution, which contributed heavily to submarine goals. Presently, it is possible to 

manipulate the speedstrip to express a solution. However, this allows inaccurate, or plainly wrong 

solutions to be entered, as no verification is performed. Given the safety-critical nature of TMA, this 
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poses a risk. Suppose that a speedstrip does not intersect a lead cut, which shows the last known 

bearing of a vessel. The solution generated is likely to be inaccurate, as the most recent information 

has not been considered. Should the contact be manoeuvring, a negative situation could develop, 

violating the goal of keeping ownship safe. Furthermore, this could mitigate instances where an 

operator’s situational awareness does not include the newest cut information. This could occur if 

they were zoomed into a specific map area and did not see new cuts appearing. Despite possible 

negative consequences, the operator is not prompted to make changes, despite the system being 

able to measure a solution’s accuracy. A deviation of solution accuracy over time may indicate an 

incorrect solution, which, again, poses a safety risk. Issues such as these suggest that while TMA 

has the capability, it does not validate operator input against known parameters. However, this 

may be by design, preventing the system from overriding what could be a correct solution and 

causing a potentially dangerous situation. Thus, additions should be made to the system that seeks 

to inform operators of potentially wrong solutions and to recommend a better solution that could 

be accepted or rejected by operators. This could be implemented as automation that seeks to 

validate operator solutions by processing the data, allowing the operator to choose from possible 

solutions. Operators would potentially not have to manage the underlying data but can still choose 

the solution that matches their desired input. Furthermore, this may improve their situational 

awareness by making them aware of potential solutions for each contact, enabling them to consider 

each variation. 

6.4.3 Removing Cumbersome Interaction 

The analysis revealed that there were pain points in entering a solution that could be addressed in 

a redesigned interface. A common issue was that the operator could visualise a solution in their 

mind but could not readily commit that to the interface as they would like. It was proposed that 

functionality be added to facilitate operators in entering solutions. The approach of aiming for 

optimal interaction throughout is pertinent throughout the interface, not just for solution entry, 

however, and improvements should be pre-emptively made where possible. While operators are 

successful at using the interface despite pain points, having an “I can make it work” mentality as 

military users (Grier, 2013), the onus should not be on them to work around issues, and any 

redesign should work towards minimising the time operators spend on cumbersome interaction, 

freeing the capability to utilise their training and experience for goal-oriented behaviour. 

The potential introduction of automation across TMA will require the HMI to be updated. Any 

automation introduced should be carefully evaluated to ensure that outcomes are positive, as this 

is not always the case. Care should also be taken to preserve the information processing capabilities 

of novices, ensuring that automation does not reduce their capability, nor detract from their ability 
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to gain experience. Bainbridge (1983) argued that operators might not be able to sufficiently able 

to assume control if they have not been reviewing their knowledge or practising skills (known as 

skill fade). Thus, the introduction of any automation should be carefully balanced against operator 

readiness and training requirements. 

Whilst the automation could be added to the existing TMA HMI, this may not be the best approach; 

a redesign that incorporates automation, as well as addressing existing usability issues, may be 

better in comparison. For example, the complexity of a speedstrip was revealed by the WDA, 

illustrating that there are multiple controls (circle, line, arrowhead) for manipulating it. However, 

this manipulation can be cumbersome, as both the end and start points must be moved to the 

appropriate locations. Furthermore, in some situations, the operator will have identified marks to 

align with cuts, but currently must do this manually. This manual manipulation could increase 

operator workload and increase the time taken to create solutions, even with automation. Given 

that solution manipulation is a large component of TMA, it is pertinent to address this usability 

issue through a holistic redesign, instead of simply adding more capability without full consideration 

of its integration (Hall, 2012). A more natural interaction could be for the operator to drag their 

mouse over the desired solution path and have the system automatically fit the speedstrip. If TMA 

is to be designed with automation in mind, it would be pertinent to assess current and proposed 

new interactions alike to ensure they are optimal for operators, minimising the required cognitive 

workload. 

6.4.4 Ensure Operators Can Still Learn & Develop 

The WCA further reveals how automation, and associated HMI changes, could support operators 

by assisting them at all stages of the SRK Taxonomy, ensuring no more cognitive demand than 

required is needed, helping to reduce human error (Breton and Bossé, 2003). These benefits could 

help to avoid dangerous incidents potentially arising from a lack of situational awareness (Danczyk 

et al., 2015). Automation could benefit knowledge-based (novice) operators by checking their 

solutions to ensure that they are reasonable. For example, the system could inform them that their 

speed may be incorrect, as a speed of one hundred knots is improbable. This would facilitate 

operators gaining experience, as they would learn the checks the system performs, and incorporate 

them into their solution creation. This could be represented in the HMI by changing the relevant 

solution component red to illustrate a problem or changing the ruler’s colour to green to suggest 

that no improbabilities were found. As operators gain experience with creating solutions, 

automation could support the operator with managing contacts by suggesting which contact to 

work on with tooltips, recommending merges based on similar contacts by highlighting them in the 

dropdown box, and warning the operator when a contact solution is no longer accurate with a 
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message. These recommendations could allow the operator to concentrate exclusively on 

generating solutions without negatively affecting contact management. Additionally, automation 

providing contact information and recommendations may improve operator SA/DSA when 

compared to the operator acting alone. Contact management would be incorporated into the 

operator’s experience, eventually allowing them to manage both with little to no help from the 

automation. As operators approach a skill-based (expert) level, they would be proficient in 

managing contacts and entering valid solutions themselves. At this stage, more advanced 

automation could be used, such as Artificial Intelligence (AI) which learns how the operator creates 

solutions and proposes solutions if the operator is under a heavy workload. The automation could 

draw a recommended speedstrip, which could be either accepted or dismissed by the operator. 

These suggestions are not exhaustive, nor fixed to operator capability, rather they are a suggestion 

of how to exploit capable computing systems to support operators and ensure that the HMI 

facilitates this. A highly experienced operator may not want to use AI but would like their solutions 

sanity checked during periods of high workload (Huf, Arulampalam and Manning, 2006; Huf et al., 

2009). By supporting operators at each level of the SRK Taxonomy, automation can also ensure that 

no more cognitive effort than required is expended. The provision of supportive measures, suitable 

to capability and workload, means that operators will be supported by the TMA HMI and underlying 

automation instead of being hindered by it. 

6.4.5 Summary of Insights 

A summary of design insights proposed throughout this chapter is presented in Table 20 for 

convenience. 

Table 20 – A summary of insights gained from conducting WDA and WCA on TMA 

Section Insight 

6.2.1 

6.2.2 

Add as much information and functionality as possible to support and/or 

enhance tactical picture compilation. 

6.2.2 Information be better integrated to make it more accessible for analysis and 

decision making. 

6.2.3 Implement digital information data sharing mechanisms for operators where 

possible. 

6.2.3 Add functional information to solutions to show their future state. 

6.2.4 Warn operators if an entered merge appears incorrect. 
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6.2.4.3 

6.2.4 

6.2.5 

Always make contacts and their associated information visible. 

6.2.4 

6.2.5 

Allow the operator to see an overview of all contacts at once, instead of one 

contact at a time. 

6.2.4.1 Consider merging the Sonar and TMA displays, as they will both use a map as 

a core component. 

6.2.4.2 Visually represent sensor geometry in conjunction with ownship. 

6.2.4.3 Arrange contact information so that merge candidates can be identified easier. 

6.2.4.4 Add direct manipulation to speedstrips. 

6.2.4.4.1 Allow multiple legs for speedstrips. 

6.2.4.4.2 

6.2.4.4.4 

6.2.4.4.5 

6.2.5 

Add the capability to ‘draw’ solutions on the map and automatically enter 

intersections. 

6.2.4.4.2 

6.3 

Automate tasks where there is little, or no, benefit to the operator completing 

them. 

6.2.4.4.3 Warn operators that the speedstrip direction is not congruent with the cuts. 

6.2.4.4.3 Validate entered solutions using logical constraints where possible. 

6.2.4.4.5 Add the ability to trial possible solutions to see if they match the constraints 

created by the available cuts. 

6.2.5 Add more direct manipulation to the map to remove control buttons, freeing 

up more space for the map. 

6.5 Conclusions 

This chapter has explored the LOP as a leverage point for synthesising insights on how TMA could 

be redesigned. It also looked to explore pain points within how LOP was used, as cumbersome 

interaction can frustrate users and increase their cognitive workload. These are both points of focus 

from the CWA Design Toolkit (Read et al., 2018). The LOP was focused on as it is a key aspect of 

TMA (Clarke, 1999), meaning its redesign could offer benefits across the system. 
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Following the method proposed in Section 5.2, WDA and WCA were conducted, and their outputs 

were presented in this chapter to derive design insights. These insights are presented in prose and 

are summarised in Table 20. The WDA examined the key Physical Objects of the LOP to 

contextualise their operation, allowing for a formative understanding of where improvements 

could be made. As with Sonar, this was done to facilitate an understanding of why the 

improvements were pertinent, as TMA is not a widely understood concept like driving. From the 

analysis, it is apparent that TMA is primarily a data-driven process underpinned by advanced 

combat systems, which presents an opportunity to reduce operator workload by implementing 

automation to support operators. However, the automation should be carefully designed to ensure 

that its utilisation does not provide opportunity to negatively affect the tactical picture compilation 

process, and consequently ownship safety. The submarine control room literature, see Section 

6.4.1, suggests that automation might be best provided as tools to support the operator, keeping 

them in the loop instead of automating as much as possible and relying on operators detecting an 

issue with the automation to take over. Another theme for change was that interaction issues could 

also be addressed to ensure optimum usability. The redesign of TMA offers an opportunity to 

consider the interaction mechanisms present and address any usability issues that might exist to 

improve operator experience and reduce their workload. In turn, this would free up the capacity to 

utilise their knowledge and experience. Automation was also proposed to address cumbersome 

interaction, removing the need for operators to manually complete tasks that their interface should 

be readily capable of. Finally, as modern combat systems continue to exist at the vanguard of 

function and innovation, it is vital to exploit their capability to further the potential of highly capable 

operators as well as to maintain ownship safety. However, these changes cannot be to the 

detriment of operator training and capability. Therefore, it was proposed that the HMI also assist 

operators with maintaining their skills and continuing to develop, by offering them tools and 

functionality appropriate across all skill levels. The next chapter will explore a comparison of the 

WDAs presented for Sonar and TMA to understand if the work domains are reasonably comparable 

to the real-world, ahead of using them for experimentation. 
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 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 (HMIs) 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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compared as WDA is not a task-oriented analysis (Naikar, Hopcroft and Moylan, 2005), but rather 

the work domains and the effective constraints within them. That is, determining whether both 

implementations provide comparable means and work domain structure. This can be illustrated 

using the “ant on the beach” metaphor (Rasmussen, 1974a; Waterson, Le Coze and Andersen, 2017; 

Simon, 2019). It puts forth that the behaviour of an ant on a beach is a result of complexity in the 

beach, as opposed to the ant itself. Comparing the implementations of Sonar and TMA in both 

simulator facilities would be akin to assessing the differences between a beach and desert 

environment; the aim is to compare two different environments with different specific tasks to 

ascertain if they provide the same environment to bound work. 

Also of interest was the physical fidelity of the roles. Physical fidelity is defined as the degree to 

which the physical environment emulates the real environment (Hancock et al., 2008), citing (Allen, 

Hays and Buffardi, 1986). It was important to achieve a level of physical fidelity to ensure that an 

operator’s physical environment felt realistic, achieving buy-in from operators (Roberts et al., 

2020), citing Alexander et al. (2005). However, the degree of fidelity could be lower when compared 

to task fidelity because consideration of the environment was not a primary focus of the 

experiment, rather exploring ways of working. Physical fidelity was scoped to representing the 

control room as necessary for examining this, with only key elements of a control room considered. 

For example, the control room’s layout affects how operators can communicate and what 

information they can see. Therefore, it was important to replicate the control room space and 

operator locations within it for ComTET studies. Similarly, it was also important that MFCs were 

used to replicate interaction as accurately as possible over simply providing them with an office 

computer setup. However, it was not required to exactly replicate other aspects, such as the chairs 

used or heat levels, within the context of this experiment. Of course, it is recognised that these 

factors could contribute towards operator performance, although examination of these factors is 

outside the scope of the current work. 

Moreover, there is a high degree of physical variance between submarine control rooms (e.g., 

different classes of boats, and designs by individual navies), and this variance could be extended to 

the ComTET simulator design. An existing submarine control room did not have to be replicated; 

rather, participants had to reasonably believe that they were in a submarine control room 

environment and have their ways of working shaped as they would be in a real-world facility. In the 

context of the HMIs, this meant that they should be provided with interfaces and component 

controls that could be considered to be reasonable facsimilia. Ensuring core physical objects were 

present would improve the applicability of experimental results, avoiding testing something that 

does not exist in the real-world environment. 
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This chapter will detail a validation exercise conducted to compare and contrast the different Sonar 

and TMA implementations. To achieve this, analyses of comparable stations (ComTET Sonar to 

Talisman Sonar and ComTET TMA to Talisman SMCS) were performed at HMS Drake’s Talisman 

trainer. The ComTET and Talisman WDAs were then compared to understand where similarities and 

differences existed. 

7.2 Method 

7.2.1 Interviews 

Interviews were held with five Royal Navy Submariners at HMS Drake’s Talisman trainer over three 

days. All had served at sea for an average of 856 days (SD = 412.25) and had experience operating 

Sonar or TMA. Some participants occupied supervisory roles, ensuring holistic analysis. 

Participation was voluntary. The study protocol received ethical approval from the University of 

Southampton Research Ethics Committee (10099) and the Ministry of Defence Research Ethics 

Committee (MoDREC; 551/MODREC/14). The work was completed by the author of this thesis, 

supported by their supervisor(s). 

Minimal demographic information was collected from participants, consisting of their age, rank, 

command structure, length of service, and time at sea. These were collected only to understand 

each operator’s experience and role, ensuring that interactions at all levels were captured, in direct 

support of the study objective. As with other ComTET studies (Stanton and Roberts, 2018; Stanton 

and Roberts, 2020), more in-depth demographic collection was limited by security considerations 

and recommendations from the Ministry of Defense Research Ethics Committee (MoDREC). 

Participants received drawing equipment (pen, pencil, ruler, rubber, and paper) to utilise freely for 

communicating concepts. Printed copies of abstraction hierarchies for ComTET’s Sonar and TMA 

stations were available. It should be noted that TMA functionality in ComTET is a Local Operations 

Plot (LOP; see Section 4.1.1.5 for details). As the LOP is a subset of the functionality of the 

Submarine Combat Management System (SMCS) in Talisman, SMCS was compared to ComTET's 

TMA. Interviews were recorded using an Olympus WS-831 digital voice recorder, with an additional 

external microphone attachment. Notes were recorded by interviewers using a notepad and pen. 

For the interview, participants were asked to describe their job role, and how they used the 

available HMIs in their Multi-Function Consoles (MFCs, which are computer workspaces in 

submarine control rooms; Rhie et al., 2017) to achieve their goals. They were encouraged to create 

supplementary material to aid interviewer understanding and construction of the abstraction 

hierarchy. One Abstraction Hierarchy (AH) each was constructed for Sonar and TMA, with all 
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participants contributing to them, instead of starting a new abstraction hierarchy for each 

participant. Each interview was scheduled to last two hours, although this was fluid to allow more 

time for information elicitation, or less time for emergent requirements. The time was provisioned 

as per Table 21. 

Table 21 – Talisman Interview Schedule 

Activity Minutes Description 

Introduction 10 Description of research and objectives 

Role Scoping 30 Interviewee’s role defined and scoped 

Sketching 30 Sketching of console interface 

Means-Ends Analysis 30 Creation of an abstraction hierarchy 

Debrief 10 Quick debrief with the chance for questions 

Slack Time 10 Extra time, for any activity above 

Before starting, participants were provided with an information pack containing an information 

sheet, an interview schedule, a demographic questionnaire, and a consent form. Upon signing to 

signify informed consent, and filling out the questionnaire, the interview began. Interviewers 

introduced themselves to the participants, and the aims of the study were reiterated. Detail about 

ComTET was provided for context. Interviewer notes were taken throughout to assist with AH 

construction. 

Next, participants were asked to describe their role within the command team and specify 

objectives that should be met. For each objective, criteria were elicited that would indicate 

successful, or otherwise, performance. Participants could answer freely, although were asked to 

prefix their objectives with ‘maximise’ or ‘minimise’ to assist with defining clear objectives. 

After their job role and objectives had been documented, participants were asked to sketch various 

interfaces from their console. They were asked to add as much detail as they could remember, 

however, they were not expected to create exact screen replicas. They could use any drawing 

equipment available. During sketching they were encouraged to speak aloud to match drawings to 

explanations. The next stage, means-ends analysis, was performed either in parallel or 

subsequently, depending on participant preference. Participants were asked what functionality 

each individual aspect of their sketched interfaces provided, and why it did so. More sketches could 

be drawn if needed, and these were explored in the same manner. For pivotal processes, 

participants were asked to write the process down using lined paper whilst explaining each point 

for clarification. 

Once participants had finished explaining how their station looks and works, their attention was 

drawn to the corresponding ComTET AH diagram. It was explained, but they were not required to 

absorb all shown information. They were asked to identify any differences between their role and 
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its ComTET equivalent. They were asked to disregard the bottom two levels, as the interfaces were 

different hence generating different Physical Objectives and Object-Related Processes nodes. 

However, if they had feedback, it was noted and incorporated.  

Finally, the participants were debriefed. The interview’s purpose and what had been covered were 

reiterated. Participants were asked if they had any questions, and then thanked for their time, 

concluding the interview. 

7.2.2 Observations 

To ensure holistic coverage of stations and to mitigate unintentional omissions from interviews, a 

series of observations spanning multiple days in the trainer were also conducted, enabling 

experimenters to place their understanding of the system into the context of actual usage. The 

observations were ad-hoc and covered common tasks that operators were being trained on or were 

demonstrating to the experimental team. Their purpose was to physically observe each console, 

and to consolidate experimenter knowledge. Personnel also volunteered their free time during 

simulation runs to either provide a running commentary of interface usage, or to demonstrate their 

usage, answering questions in situ. 

Experimenters used a notepad and pen to capture elicited information. Operators were not 

interrupted if they were training. However, for voluntary station demonstrations, an operator 

would talk through specific procedures of importance, navigating through screens so detailed 

sketches as well as notes could be made, and guide experimenters through practical use of the 

system. This also included the use of narration by the ComTET researchers, who vocalised key points 

of action for later review. This was done in addition to the written notes, as this would enable 

synchronisation of both sources during review. There were no fixed timings or topics for 

observations. Rather they were held ad-hoc in response to training demands on the submariners, 

personnel availability, and experimenter queries. 

7.3 Talisman Abstraction Hierarchies 

The resulting abstraction hierarchies from the visit to Talisman are shown in Figure 47 (Sonar) and 

Figure 48 (SMCS). The top three levels are presented in full. However, the bottom two levels are 

redacted as a security consideration, avoiding describing the exact makeup and capabilities of the 

real-word HMIs. 
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Figure 47 – Abstraction hierarchy of Talisman Sonar 

 

Figure 48 – Abstraction hierarchy of Talisman SMCS 

7.4 Comparison of Abstraction Hierarchies 

For each station, the nodes on each level were compared to their ComTET counterpart, similar to 

the approach taken by Burns, Bisantz and Roth (2004) and St-Maurice and Burns (2018). 

7.4.1 Sonar 

 Functional Purpose 

The overall goals of operators in both simulators were largely the same, although Talisman 

operators observed the additional goal of making effective usage of available Sonar arrays. In 

ComTET this requirement does not exist as the use of sensors is much simpler and is therefore not 

taken into consideration for the station. 
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 Values & Priority Measures 

There exists significant variability at this level. Only two measures are directly comparable, 

‘Maximise Contact Detection’ and ‘Maximise Signal Clarity’. The ComTET measure of ‘Maximise 

Known Contact Information’ is split into two for Talisman: ‘Maximise Information Passage up the 

Command Chain’ and ‘Maximise Rote Execution of Gun Drills’. The three remaining ComTET 

measures, ‘Minimise Counter Detection’, ‘Maximise Safety of Operations’, and ‘Maximise Mission 

Objective Completeness’, were not included in Talisman’s measures. This is because senior 

management take on these roles in Talisman, therefore absolving operators of a need to do so. 

However, this is not absolute, operators can feed information up the chain of command if they 

deem it necessary to directly influence meeting these measures. The remaining measures for 

Talisman all regard the efficacy of operators when using their station and communicating data. 

There are no direct comparisons for ComTET, however, efficacy is implicitly expected. It is 

hypothesised that the explicit inclusion of these measures for Talisman can be directly attributed 

to the values of the Royal Navy in being an effective defence organisation.  

 Purpose-Related Functions 

The general function of Sonar is the Detection, Classification, Localisation, and Tracking (DCLT) of 

contacts. These are represented in both simulations by ‘Detection of Contacts’, ‘Classify Contacts’, 

‘Gain Speed Estimates on Contacts’, and ‘Transfer Information About Contacts’. In ComTET two 

additional general functions, ‘Interpreting/Predicting Contact Actions’, exist. These are undertaken 

within Talisman, however, typically not by Sonar operators, and as such are not included. A General 

Function specific to Talisman is ‘Workflow Construction and Execution’, which relates to measures 

pertaining to efficiency and accuracy. The emphasis on these measures requires that general 

functionalities be available to directly support this. 

 Object-Related Processes / Physical Objects 

There were largely common physical objects and associated affordances for both systems. This is 

due to the prominence of waterfall displays. Generally, all waterfalls consisted of ‘Bearing Tape’, 

‘Time Tape’, ‘Waterfall Area’, ‘Traces’, and ‘Contact Markers’. While the representations of these 

Physical Objects differed, they were largely comparable. Similarly, their Object-Related Functions 

are comparable. Aspects outside of the waterfalls exhibited aesthetic variability, but afforded 

similar, if not the same, functionality for both simulations. 
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7.4.2 TMA 

 Functional Purpose  

Both ComTET and Talisman had the same overall purposes, to ‘Generate a Tactical Picture’ and 

‘Supporting Higher Command Activities’. While there would have been other Functional Purposes 

for SMCS, a highly capable system, these were outside the scope of the focus on tactical picture 

compilation for this work. 

 Values & Priority Measures 

Again, there exists significant variability at the measures level. However, comparisons are still 

present. The combined ComTET measures of ‘Maximising Knowledge of Contacts’ and ‘Maximise 

Information Gathered About Contact’ can be equated to Talismans ‘Maximise Information Transfer’ 

and ‘Maximise Look Ahead Steps’. These measures are about collecting as much information as 

possible for a contact and ensuring that its future intentions are known. The ComTET measure 

‘Maximise Solution Integrity’ is present in Talisman as two separate measures, ‘Maximise Solution 

Accuracy’, and ‘Maximise Solution Working Time’. As with Sonar, there were four measures 

included only in ComTET, as in Talisman they are performed by senior management: ‘Maximise 

Safety of Operations’, ‘Minimise Own-Ship Detection’, ‘Maximise Mission Objective Completeness’, 

and ‘Minimise Threats from the Enemy’. Again, Talisman had explicit measures of effectiveness and 

accuracy. These were ‘Maximise Effectiveness’, ‘Minimise Errors’, and ‘Minimise Communications 

from the Operations Officer’. 

 Purpose-Related Functions 

The general purpose of TMA is generating and maintaining the tactical picture. This is represented 

by the general functions ‘Choose Contact’, ‘Create Solution’, ‘View Solutions’, ‘Assess Solutions’, 

‘Ensure Solution Accuracy’, ‘Refine Solutions’, ‘Merge Solutions’, ‘Split Solutions’, and ‘Remove 

Solutions’ in both simulations. There were no simulation-specific general functions. 

 Object-Related Processes / Physical Objects 

Base components were found to exist in both simulations, such as ‘Contact Markers’, ‘Cuts’, and 

‘Own-ship’. However, due to the extended capability of Talismans’ SMCS, compared to ComTETs’ 

TMA, similarities existed on a more atomic level than Sonar. This means that while Physical Objects 

represented similar objects, with similar Object-Related Processes, how they were arranged led to 

highly divergent interfaces. As expected, the closest similarities were observed comparing LOP 

implementations, with different areas of Talisman’s interface diverging to greater extents. 
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7.5 Discussion 

In both simulations Sonar and TMA exist for the same reasons, but their measurements of success 

are different. It is thought this disparity is a result of their environment. Talisman is a Royal Navy 

facility, so its measures of success will be derived from the Royal Navy, whereas ComTET is an 

experimental laboratory and will use an experiment-orientated set of measures; the included 

measures in ComTET are ones that can be measured experimentally and can be achieved within the 

project's scope, whereas Talisman would be concerned with all aspects of performance. The 

equivalence of Functional Purposes, but with differing Value & Priority Measures, indicates that 

that they are appropriately included and evaluated in a contextually appropriate manner. 

Congruent Purpose-Related Functions as well as overlap of Physical Objects and Object-Related 

Purposes for both interfaces suggest high functional fidelity, despite differing HMI designs. These 

created different mechanisms for task completion in the work domain using the available Physical 

Objects and their affordances but did not preclude the completion of similar work. This would not 

be dissimilar to the variation that exists in control rooms across the fleet; while the exact specifics 

of how submariners work would be different, they would create the same mental models of their 

work, relying on their training to process all information available to them. This is especially 

pertinent for roles such as the OOW, where they assimilate information in their mind (Dominguez 

et al., 2006), structuring their mental model independently of available information.  

Usage of different interfaces invariably led to different Physical Objects, and subsequently different 

Object-Related Processes. Consequently, physical fidelity is reduced. However, an essential degree 

of fidelity is maintained by common interface aspects, such as Sonar waterfalls or TMA cuts. These 

interface commonalities are mainly core objects required to carry out Sonar and TMA, suggesting 

that a reduction of physical fidelity can be attributed to non-core Physical Objects. Thus, while not 

exhibiting high physical fidelity overall due to different interface compositions, a common core for 

essential components makes a case for medium physical fidelity in the ComTET HMIs. This assertion 

is supported by the physical facility itself, which is representative of a submarine control room, 

including the use of MFCs for operators (Roberts, Stanton and Fay, 2015). Combined, participants 

could “buy” that they were in a submarine control room, a key aspect of physical fidelity (Alexander 

et al., 2005; Roberts et al., 2020). This can be further justified by considering that variation exists 

within the RN submarine fleet. Submariners could use entirely different physical objects if 

conducting their work in multiple control rooms, but the nature of their work and belief that they 

are in a submarine control room would remain the same.  
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7.6 Conclusion  

This chapter has detailed a validation exercise that was conducted ahead of experimentation using 

the ComTET versions of Sonar and TMA. It was performed to determine whether the ComTET Sonar 

and TMA environments could be considered similar enough to their real-world counterparts in 

Talisman to generalise results gathered using the ComTET simulator. A study was conducted at 

Talisman with five currently serving submariners over three days. They were interviewed and 

observed in-situ to construct counterpart abstraction hierarchies to those already created for Sonar 

(Figure 23) and TMA (Figure 34). Comparison between the abstraction hierarchies suggested that 

ComTET exhibits a high degree of functional fidelity with a medium degree of physical fidelity for 

Sonar and TMA. This establishes confidence that findings and recommendations from experiments 

using ComTET Sonar and TMA could have validity in a real-world setting as well. Predicating real-

world applicability is vital, ensuring a tangible realisation pathway for outputs of the ComTET 

project and this work. The next chapter starts this process of experimentation, detailing how the 

redesigned Sonar and TMA interfaces were developed. 
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 Creation of Graphically Integrated Sonar and 

Target Motion Analysis 

8.1 Introduction 

With the CWA outputs from Chapter 7, in addition to the design directions generated from them 

for Sonar (Chapter 5, see Table 17) and TMA (Chapter 6, see Table 20), it was possible to design and 

implement the new EID HMIs. This chapter details how this was achieved, concentrating on 

exploring how to align EID design processes with those of software engineering to support the 

eventual end-goal of EID – implementation. 

This focus was chosen to address a scarcity of literature addressing the design and implementation 

of EID as software artefacts, but also to contribute to the literature from which practitioners can 

use to inform their process(es). Although there is no shortage of EID research, the exact nature of 

creating an interface design from CWA has long been without a concrete process (Vicente, 2002; 

Read, Salmon and Lenné, 2012; Read, Salmon and Lenne, 2015), and designs are often made on a 

case-by-case basis (Upton and Doherty, 2008). There is literature that aims to address this with 

generalisable processes (Upton and Doherty, 2008), visual thesauruses (Hajdukiewicz and Burns, 

2004), good practice techniques (Burns and Hajdukiewicz, 2004), and design toolkits (Read et al., 

2018). These contributions made strides in addressing the issue, though all acknowledged that 

design cannot be constrained into a series of rigid steps and will always involve creativity, especially 

when applied to multiple different domains. Furthermore, the approaches are not mutually 

exclusive, and practitioners may opt to combine them in accordance with their needs and 

preferences. Thus, it would be illogical to attempt to create a unified, all-encompassing, method; 

much like the complex systems represented by the interfaces, it would be perhaps impossible to 

account for all use-case eventualities, resulting in modification during application. Conversely, while 

design choices are made on a case-by-case basis, there are commonalities and best practices that 

must be observed, instead of individualised processes for each design project. Literature addressing 

the design process for EID recognises both extremes (one size fits all, completely individual design 

process), and collectively advocates for a ‘toolbox’ approach where processes are proposed that 

are readily adaptable to project-specifics. Therefore, it is believed that there is merit in contributing 

an approach oriented around integration with modern software practices for consideration, 

utilisation, and modification as required by practitioners.  



Creation of Graphically Integrated Sonar and Target Motion Analysis 

184 

Such an approach was required as most EID literature concentrates on proposing interface designs 

and evaluating them, which is understandable given that is a design methodology. However, most 

HMIs are formed of a frontend and a backend, both of which need to be designed and subsequently 

implemented. Prototypes and proofs of concepts have been made to test, but they remain scant 

on details of the underlying software design and implementation. While modern software 

maintains separation where possible between the two, their utility without each other is limited 

and their relationship should be considered. Given the time and effort involved in creating CWA 

outputs (Vicente, 2002; Stanton et al., 2013), all possible uses for them should be fully explored. 

This is pertinent as the analysis on which many EID designs are based is a systems analysis (i.e., 

CWA), a key step in the Software Development Lifecycle (SDLC), albeit in a different format than 

usually employed by the software industry. Using CWA for software design has been explored by 

Wells et al. (2011), Dhukaram and Baber (2016), Oosthuizen and Pretorius (2018), and McIlroy and 

Stanton (2012) who drew parallels between CWA and standard software engineering modelling 

outputs. They chose to use these outputs to facilitate communication with the software 

engineering discipline. This is a key challenge to address as organisations will have heavy 

investments in software tools and ways of working, and approaches should be compatible with 

them to gain traction (Baxter and Sommerville, 2010). As with the visual design methods, the 

proposed software design methods recognised that creativity and refinement must still be present.  

It is clear from existing literature that there is no one size fits all design process, but rather a 

collection of guides and processes that can be used as needed, including modification for specific 

purposes if required. Thus, this chapter details how this was achieved for the creation of an EID 

HMI for Sonar and TMA, proposing an adopted method for EID with the aim of producing artefacts 

suitable for implementation. Both the frontend and backend design are accounted for, extending, 

and adapting existing processes to create an appropriate design process that considers them as 

separate, yet related concepts.  The approach was designed to be compatible with modern 

software engineering practices, minimising barriers to transferring the analyses between the 

human factors and software engineering disciplines. With the role of human factors practitioners 

established and growing within many organisations, it is vital that their work is manifested across 

the organisation, especially in the creation of software, a bedrock of a modern, connected world. 

Proposing a method that can be incorporated into software engineering team practices could 

maximise integration between the disciplines and exploitation of analyses results. 
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8.2 Creation of Initial Interface Designs 

8.2.1 An Object-Oriented Design Process 

CWA has strong support and evidence for its role as its analysis tool, although it does not specify a 

subsequent design process, save for its connections to EID (Read, Salmon and Lenne, 2015). Read, 

Salmon and Lenne (2015) conclude that practitioners must create their own approach to design, 

which was manifested as a CWA Design Toolkit (Read et al., 2018). This addressed the need to 

provide practitioners with a process, and while assistive to be generalisable, it was not prescriptive. 

There is work that aims to be more prescriptive in addressing the gap between CWA and EID 

though, such as the work by Burns and Hajdukiewicz (2004), Hajdukiewicz and Burns (2004), and 

Jamieson (2003). This interconnected work proposes a core concept of a ‘visual thesaurus’ that 

maps variable types from the CWA to proposed forms. For example, a univariate variable within 

specified limits, such as speed, could be represented in the context of its minimum and maximum 

possible values using a meter (e.g., car speedometer). Once this transformation was applied to all 

identified variables, and the resulting visual forms organised according to means-ends links, a 

practitioner would have a reasonable first design for an EID interface, which could be iterated. It 

was decided to use the approach of Burns and Hajdukiewicz (2004) to design the interface, over 

more recent design methods such as the toolkit proposed by Read, Salmon and Lenne (2015). This 

was because the ComTET project provided regular access to subject matter experts) over time, 

where they could be consulted on the designs and provide feedback, such as at quarterly progress 

meetings. Therefore, it was decided to utilise longitudinal input from subject matter experts to 

inform decision decisions, as opposed to the specific workshop approach proposed by Read, Salmon 

and Lenne (2015). However, other aspects of the design process, generated insights for Sonar 

(Chapter 5) and TMA (Chapter 6) in line with the CWA Design Toolkit. 

The process of Burns and Hajdukiewicz (2004) is summarised as follows: 

1. Generate a list of variables: Generate a list of variables present in the abstraction 

hierarchy, with each level providing a different type. 

2. Convert the variables to visual forms: Each of the variables identified should be 

transformed into an appropriate visual form, utilising the visual thesaurus if useful. These 

forms are arbitrarily arranged at this point. 

3. Generate a constraint list: Generate a list of constraints from the abstraction hierarchy. 

These can either be univariate (formed of one variable) or multivariate (formed of multiple 

variables). There should be two pass-throughs of the hierarchy: 
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a. The first passthrough is to identify univariate constraints that would enrich the 

basic variables identified, such as providing their limits. 

b. The second passthrough is to identify multivariate constraints, which are formed 

from the relationships between variables. This also includes variables that need to 

be considered across time. 

4. Edit the visual forms to account for the constraints: The visual forms from step 2 should 

be edited to include the identified constraints from step 3. Again, the visual thesaurus could 

be used to determine appropriate forms to use. 

5. Organise by means-end links: The visual forms should now be arranged, taking cues from 

the means-end links in the abstraction hierarchy. Users should be guided to monitor the 

Functional Purposes of the domain. 

The method proposed by Burns and Hajdukiewicz (2004) does not claim to be all-encompassing, 

and notes that flexibility is key for generalisability. Consequently, the process was modified in 

preparation for being aligned with the underlying software development activities. 

The first modification was to adopt an Object-Oriented (OO) approach, using the classes present in 

the work domain as the starting point for designs. Classes are abstract blueprints for specific 

objects, which represent the class being made concrete and having information added to it. For 

example, ‘boat’ could be a class, which would store information such as the type of boat and 

identifier. A boat class would be made into an object for each boat present in the area surrounding 

the submarine, each containing the information of the entity they represent. This approach was 

chosen because the work domain was formed of a variable number of entities, with was subject to 

change during usage (e.g., new contacts being represented on a map as they are detected). Thus, 

an archetypical design would have to be created, which could be represented on the display as 

many times as required. This builds on the work of Dhukaram and Baber (2016) who explored 

extracting classes and variables from the abstraction hierarchy to design code for an EID. It extends 

their approach to also consider visual objects, and to look across all levels of the abstraction 

hierarchy, as opposed to just Object-Related Processes. The latter is important, as classes can be 

abstract and exist at different conceptual levels, so a holistic approach is more apt over only 

considering specific levels. The approach was also chosen in anticipation of linking with the design 

of the underlying software, which would use an object-oriented approach, a standard in modern 

software engineering. For an initial prototype, templates could be created that could be added to 

the main display, or the main display could be created directly, and the different objects manually 

replicated (e.g., copy and paste). Examples of entities included ownship, other vessels, land, and 

the ocean. As these objects were the building blocks of work domain being examined, it was natural 
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to use them as such for the design. Furthermore, this created synergy with the approach for the 

backend, which also used an OO approach, and will be described in the next section. 

The method that Burns and Hajdukiewicz (2004) proposed was variable oriented. This was 

reconciled by assigning identified variables to at least one object. Doing so added more nuance to 

each variable, as it could be considered differently in the context of its parent object, similar to the 

‘object worlds’ concept in WDA, where different physical objects would have different connections 

based on their context. For example, part of ensuring ownship safety is to maintain a depth such 

that the submarine is not damaged by the sea floor or other environmental factors. Safe depth is 

the variable in this example and means different things when assigned to different objects; for the 

submarine, safe depth is the maximum depth it can dive to, whereas, for the water, safe depth is 

the maximum depth of the water take the submarines draft and a safety margin. 

The second modification was to directly account for the uncertainty faced by the submarine 

command team when compiling the tactical picture. This is important for EID, as sensor uncertainty 

should not be perceived to represent the actual system state (Vicente, 2002; Burns and 

Hajdukiewicz, 2004), especially in the submarine domain, where there is a high level of uncertainty 

(Brolese, 2005; Dry et al., 2005; Hunter, Hazen and Randall, 2014; Kirschenbaum et al., 2014). 

Consider ranging a contact that has been detected on Sonar on a bearing of 45°. The direction is 

known, but the range could be anywhere between 0 meters and the range of the sensor (excluding 

sound propagation physics for simplicity). At this point, there is a constrained variable of range that 

could be represented by a spatial icon; if the operator enters a range for the contact, then its icon 

could be moved to show this. However, the icon must make the associated uncertainty clear, such 

as by changing its image to show this. If the information is presented as certain, then a decision 

might be made to steer the boat towards a supposedly safe area, creating a dangerous situation. 

Furthermore, as the range could be wrong, a matter independent of operator confidence, 

accompanying representation is required to aid the operator in assessing this. Part of this 

representation is that which was used to derive the range in the first place, such as the cuts on a 

Local Operations Plot (LOP; see Section 4.1.1.5 and Section 6.2.4.3). Another part becomes possible 

through the operator entering the range, enabling representations to be based on this. For 

example, when the icon dead-reckons, it could change colour if it no longer aligns with the latest 

cut, which would aid with detecting faults with information entered by the command team. EID has 

been shown to improve fault detection and diagnosis (Borst et al., 2017), and consequently, it is 

important to capitalise on this to ensure that operators are fully aware of uncertainty in the system 

by explicitly designing for it. 
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If a variable was known to be uncertain, then it received appropriate counterpart confidence and 

verification variables. This approach is aligned with the definitions of constraints found in section 

3.2.3, where they were found to be relational and/or limit-based. It is possible that these variables 

could have been implicitly generated from other nodes in the WDA as in the original approach, 

although the explicit synthesis approach ensures their creation and subsequent inclusion in the 

resultant interface. Additionally, it forces consideration within the context of the parent object, 

which is important if the variable is being applied to multiple objects as described in the previous 

paragraph, as the counterpart variables might be different.  

The result of these modifications to the interface design process is visualised in Figure 49. While 

the process is based on that of Burns and Hajdukiewicz (2004), it has been designed to serve as a 

generalised process capable of incorporating different process outputs present across the literature 

for the EID process, having a start point for each. The first is a “Work Domain Analysis”, which is 

used to inform “Frontend Design” through the work of Burns and Hajdukiewicz (2004) or/and (Read 

et al., 2018 - the CWA Design Toolkit), but can also be interchanged with “Classes for Code” and 

other software engineering modelling outputs (Wells et al., 2011; Dhukaram and Baber, 2016; 

Oosthuizen and Pretorius, 2018), as will be discussed specifically in Section 8.3. All starting points 

connect with “Integration with software engineering method(s)”, which represents an entry point 

to other software engineering processes that might be used, including the agile process in Section 

8.3, Figure 52. To use the process, a practitioner would start with their current source material 

(“Work Domain Analysis”, “Classes for Code”, or an “Interface Design”) and proceed through the 

process to their target output. Assuming starting from “Work Domain Analysis”, the steps can be 

described as follows: 

1. Identify classes: Generate a list of all objects present. In this context, an object is not strictly a 

physical object, but also abstract concepts and categories that could be a suitable name for a 

grouping of variables. For example, if a Value and Priority Measure was to ‘Maximise Fault 

Detection’, an object could be a ‘Fault’ as it would have information associated with it, such as 

the timestamp of its discovery, information on what it affects, and severity. These classes, along 

with associated data from steps 2 – 3.1 can be used to information the software engineering 

process in Section 8.3. 

2. Identify all variables and their constraints: Generate a list of variables and constraints present. 

Variables can be defined as a name for a piece of data. This can follow the guidance of Burns 

and Hajdukiewicz (2004), or another method for systematic elicitation of all variables and 

associated constraints. Some variables might act as constraints for other variables, so they 

could be considered in tandem throughout the process. 
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3. Assign variables to classes: Each variable should be assigned to one or more classes as 

appropriate. 

3.1. Consider uncertainty: When a variable is assigned to a class, it should be evaluated 

whether it would be subject to uncertainty in the context of the class. If so, counterpart 

variables should be created that will be used to display the confidence in the information, 

and how the information can be verified. It is possible that other variables belonging to 

the class might address this information and could be used in lieu of the counterpart 

variables. This process should also be followed for the constraints affecting the variable. 

4. Create or modify visual forms: Each class should now be visually designed. A canvas should be 

created for each identified class (or they could be added to a single diagram using an 

appropriate separation mechanism such as layers or grouping). The canvas should be populated 

with appropriate representations of the identified variables and their constraints. 

5. Identify and design the main display: The visual forms from the previous step will provide the 

ecological representation for the interface but may not include the general look and feel. 

Examples of this would include the menu bar, status bar, and other mechanisms to arrange 

visual forms. A general frame of the interface should be designed, serving as the main canvas 

to arrange the class visual forms on. An alternative is to use a visual form as the base, such as a 

map view onto which everything else can be overlaid. 

6. Organise visual forms: The visual forms should now be arranged, taking cues from the means-

end links in the abstraction hierarchy. Users should be guided to monitor the Functional 

Purposes of the domain. Interaction and storyboarding can be considered at this stage, to map 

how the user would move through the application. 
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Figure 49 – A modified version of the EID process of Burns and Hajdukiewicz (2004), utilising an 

object-oriented approach and incorporating pathing to different EID outputs. 

8.2.2 Resultant Initial Designs 

A proposed interface for each role was created by following this modified process. The designs were 

made with the design directions from Chapter 5 and Chapter 6. Input from domain experts 

throughout the process was also sought at project review meetings, during the CWA comparison 

process in Chapter 7, and during the design workshop described in Section 10.2.1. The main 

feedback received was that the waterfall should be re-included as this was vital to Sonar operation. 

This feedback was taken onboard, and later iterations of GIST incorporated a waterfall in the Sonar 

tab of the information panel (see Figure 59). Not all data could be represented on the map. 
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Therefore, three common areas were added, which are the grey areas in each interface. The bottom 

area shows ownship parameters. While some information here could be represented on the map, 

it was relocated to minimise the occlusion of map data. The left area shows a list of all contacts that 

are currently held, represented as multi-coloured buttons. It also shows action panels for a contact, 

the content right of the white vertical line, allowing operators to carry out necessary analysis tasks 

on each contact. Additionally, appropriate interaction mechanisms were added, such as buttons to 

trigger actions, and textboxes for operators to enter information, as not all data would come from 

sensors. A single canvas approach was chosen for simplicity, with sample representations for each 

object identified added directly to the canvas and arranged as required. The resultant design for 

Sonar is shown in Figure 50 and Figure 51 shows TMA. The designs are separate images but were 

created with one interface in mind. This interface was named Graphically Integrated Sonar and TMA 

(GIST). A full description of GIST will be provided on the finished design (Section 8.5), as there was 

considerable change between these initial prototypes and the finished product. The designs were 

validated through review at quarterly project meetings, and contact with submariners, such as 

during the validation exercise in Chapter 7. 

  

 

Figure 50 – Initial GIST Sonar Design 
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8.3 Software Engineering Process 

With the frontend design created, focus moved to planning the underlying code as the backend 

using the abstraction hierarchy. There is research on aligning CWA outputs with software 

engineering systems analysis methods. Wells et al. (2011) worked with Systems Modelling 

Language (SysML), creating a tutorial that aligned CWA terminology with SysML, and subsequently 

creating CWA equivalents in SysML using this. Dhukaram and Baber (2016) follow a similar 

approach, drawing parallels with Unified Modelling Language (UML), and proposing a translation 

process between it and CWA. Oosthuizen and Pretorius (2018) also used SysML but drew additional 

parallels with System Dynamics, which they defined as a technique to support modelling system 

behaviour at high levels of abstraction, citing from Sterman (2000). 

These represent useful contributions to the literature, aimed at bridging the gap between human 

factors and software engineering systems analysis methods. There is a focus, and particularly so for 

the first two contributions, on translating CWA outputs to software engineering outputs for 

consumption by software engineers. The reasons for this are oriented around communication and 

suitability for use. Wells et al. (2011) suggest that cognitive engineers have difficulty communicating 

their findings in a format suitable for systems engineers, and that the former often do not have 

 

Figure 51 – Initial GIST TMA Design 
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access to CWA information or training in a format that they would understand. Dhukaram and 

Baber (2016) also identify communication between human factors practitioners and software 

engineers, citing Bruseberg (2008), and a disparity between the aim of CWA in describing how a 

system could function and that of software engineering designs which describe how it must 

function. While this might be true in some circumstances, the assertion could be challenged where 

the software design is deliberately flexible, such as a code library or micro-service, which can be 

joined with other software components to create flexible behaviour.  

The communication difficulties are acknowledged by Baxter and Sommerville (2010), who believed 

that it is not sufficient to explain the results of a sociotechnical systems analysis to engineers, rather 

that it must be suggested how to apply them to the system design. They also note that companies 

can be heavily invested in specific tools and methodologies, so sociotechnical approaches should 

be compatible with these to be successful. This sentiment is maintained at the individual level by 

Viller and Sommerville (2000), who explored the use of UML to communicate requirements to avoid 

software engineers having to learn an additional method. 

The focus on translating to modelling languages for consumption by software engineers is 

appropriate as they are a key aspect of software engineering. However, there is a requirement for 

the CWA outputs to be translated into the modelling language, and the artefacts iterated, likely by 

a software engineer or architect. This poses three potential issues. The first is that the translation 

process is effectively replicating the CWA outputs in a different format. The second is that the 

richness of the analysis could be lost by specifying just requirements (Baxter and Sommerville, 2010; 

Dhukaram and Baber, 2016). The third is that a modelling language output might not be required, 

and software engineers might prefer to use other approaches for creating the software. For 

example, if the analysis has been completed on a current system, all changes could be made within 

the existing code base based on their knowledge of its operation, meaning that the design work 

was redundant.  

This poses an additional related issue as CWA is scarcely applied to first-of-a-kind systems (Salmon 

et al., 2010). An existing system would have established code, which must be accounted for to make 

a meaningful design. Unless the practitioner has access to and can understand the existing code, 

designs based on translating the CWA outputs might not be compatible with the implementation. 

This issue could partially be offset by the contemporary practice of developing software in small, 

self-contained, components. If the resultant design from the CWA outputs could replace the entire 

component, then less familiarisation would be required, but integration with other components 

would still have to be considered. 



Creation of Graphically Integrated Sonar and Target Motion Analysis 

194 

Combined, these issues suggest that it might be more appropriate for the software engineers to be 

provided with the CWA outputs and recommendations that were made as requirements. Again, 

there is literature that explores this. McIlroy and Stanton (2012) proposed that outputs from CWA 

could be used to inform software requirements. However, the resultant requirements are the level 

of the entire system and what it should do. These requirements would be taken by a software team 

and transformed into a series of smaller requirements, detailing how the software will be created. 

Consequently, there is an opportunity to further develop this step in the software development 

lifecycle. 

Provision of the CWA outputs and associated recommendations would avoid duplicated effort, 

maintain the analysis richness, and allow software engineers to plan their work as desired. Doing 

so would require them to learn a different method, something that Viller and Sommerville (2000) 

advocated for avoiding, although as Wells et al. (2011) demonstrated, there are parallels which 

could aid this. If this is achieved successfully, then it could address the organisational concerns of 

Baxter and Sommerville (2010), with software engineers utilising the CWA in their software 

processes as they see fit; this is a distinct possibility with the rise of agile methods that allow teams 

to structure their work locally as required and decide on their processes as well as tools 

(Abrahamsson, 2002). Thus, an agile approach based on the CWA outputs and recommendations 

from Chapter 5 (Sonar) and Chapter 6 (TMA) was trialled for the creation of GIST. Agile was chosen 

over a traditional waterfall approach, where all design work is competed when a project starts, as 

it has been shown to improve the software engineering process and its outcomes. This is achieved 

by maintaining flexibility to respond to change and providing deliverables quicker. 

The process was based on Kanban, which is an agile method where tasks are moved through 

different development stages, represented as columns on a board (Radigan, 2019). The board can 

be as simple or complex as required; this work used an Excel spreadsheet with a dropdown for the 

stage for ease of interoperability between parties involved in the development. The stages could 

be as basic as “To Do”, “In Progress”, and “Done”, with their exact nature depending on the team. 

All tasks to be completed are collected as a backlog. As the backlog is dynamic, agile methods can 

be particularly accommodating of iterative processes, as CWA and EID often are. Individual tasks 

from this backlog are moved across each column as capability becomes available, with a continuous 

cadence of tasks (i.e., work is not boxed into fixed-length sprints as with other methods, such as 

Scrum). The result of this process is that functionality is continuously added, and the software being 

created is rapidly updated with new functionality as the user stories are completed.  

Cards are a visualization of these tasks and can contain a variety of content types (e.g., text, images, 

sound, videos; Rehkopf, 2019b). The cards can be specific requirements but can also be expressed 
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as user stories, which often take the form of “as a [persona], I [want to], [so that]” and represent 

an end-goal to be implemented (Rehkopf, 2018). This has parallels with the abstraction hierarchy, 

and user stories could be described as “as a [sociotechnical system agent], I [what node], 

[connected why node]”. The format is not fixed and could be expressed as desired, such as 

describing it as a task to be completed (e.g., “Reduce overall fuel consumption” (Rehkopf, 2019a)). 

When expressed like this, the stories could come from the middle levels of the abstraction 

hierarchy, such as describing what a Physical Object should do from the Object-Related Processes, 

or how success is measured using the Value and Priority Measures. User stories could also be 

generated from a Worker Competencies Analysis, by creating stories for functionality that would 

be required by operators at each level of the Skills, Rules, and Knowledge Taxonomy. Using user 

stories is congruent with the CWA Design Toolkit (Read et al., 2018), which proposed user stories 

as part of the “Communicating Findings” stage of “Concept Design”. In this application, the user 

stories were used to guide iterative improvements to the concept design but were also used as 

direct inputs to the software engineering process. 

The user stories could be grouped into epics, which are overarching bodies of work that can be 

broken down into stories (Rehkopf, 2019a). They describe large bodies of work towards a specific 

goal. An example epic could be “Broadband Functionality”, as this could be broken down into 

several stories that detail exactly how it will be achieved. An alternative could be to use the 

Functional Purposes of the abstraction hierarchy to base epics on, as they describe a system’s 

purpose for existing. Depending on the size of the desired interface, epics might not be required, 

but any sizeable development should be grouped into epics to organise work into high-level 

threads. 

As the user stories are being enacted, software engineers should make use of outputs from Section 

8.2.1, which are lists of objects and their properties. They could be used to describe the data 

structures, constraints, and logic in code, known as the model. Described in CWA terms, a model 

would be a representation of the work domain. The model could be supplemented using the 

processes of Dhukaram and Baber (2016), Wells et al. (2011), or Oosthuizen and Pretorius (2018) 

to generate full blueprints for code that should be implemented to connect the model to the 

interface view. In software, this type of code is known as a controller, which is logic that takes user 

input from the interface view and uses it to manipulate the model. In turn, the interface will then 

reflect the information from the updated model.  

Figure 52 provides a visualisation of the full process. The process can link to the frontend process 

in Figure 49 by incorporating the “Classes for Code” (or full software engineering modelling outputs 
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using the work of Dhukaram and Baber (2016) or Oosthuizen and Pretorius (2018)) and/or 

“Frontend Design”. A example process would follow these steps: 

1. Generate user stories: A series of user stories should be extracted from the CWA outputs 

present, which are commonly Work Domain Analysis and Worker Competencies Analysis 

for Ecological Interface Design (Burns and Hajdukiewicz, 2004; Jenkins et al., 2009). A 

widespread template is “as a [persona], I [want to], [so that]”, although this can be changed 

depending on requirements. User stories can also be created from identified design 

directions, such as those generated in Chapter 5 and Chapter 6. 

a. Generate epics (optional): If there is a large amount of work, then epics should be 

created for organisation. These can be based on the creation of key aspects of the 

software, or on Functional Purposes from the abstraction hierarchy. 

2. Create the Kanban backlog: The user stories should be placed into the “To Do” column of 

the Kanban board. They should be prioritised as required as part of this process. 

3. Start the development process:  

a. Work through backlog: Software engineers, user experience experts, and other 

practitioners can now choose a user story from the “To Do” column and move it to 

the “In Progress” column. This signifies that they are working on implementing the 

functionality required. They should use the outputs from the “Frontend Design” 

(e.g., images, storyboards, and software engineering modelling outputs, including 

“Classes for Code”) where possible to capitalise on prior work. Once the user story 

has been completed, it should be moved to the “Done” column. 

b. Iterate design and functionality: Once functionality has been implemented it can 

be tested to determine if it provides optimal functionality and usability. If it does 

not, then either the design should be iterated, or more user stories should be 

generated to make improvements. 

4. Use of finished product: After a predetermined amount of work has been completed, such 

as the completion of a key epic, the software will be ready to use for its intended purpose. 

While agile relies on continuously improving functionality, meaning that the software could 

be used at any point, using a milestone ensures that all capability for the intended use, such 

as human in the loop evaluation, is present. 
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Figure 52 – Visual representation of using the outputs of Work Domain Analysis and Worker 

Competencies Analysis to use as inputs for Kanban-based agile software engineering. 
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8.4 Software Development 

GIST was created using Simulation Engine II, a simulation engine created by Sonalysts designed to 

support multi-domain operations at multiple levels (Sonalysts, 2022) using the provided Software 

Development Kit (SDK). The frontend interface was designed using Qt in Qt Designer and the 

backend was implemented using C++ in Microsoft Visual Studio (various versions as updates 

became available). There were two software development streams. The first was undertaken as 

part of this thesis, based on processes from the previous sections. A wireframe of the initial design 

from Figure 50 and Figure 51 was created in Qt. After this, user stories were worked through to add 

functionality and fill in visual placeholders (e.g., replacing a blank box with an actual waterfall 

implementation) in an iterative manner. The abstraction hierarchies were systematically worked 

through, identifying user stories that would be pertinent to implement. For example, “as a ‘TMA 

operator’, I want to ‘Gauge Solution Accuracy’, so I can ‘Assess Solutions’”. Given the dynamic 

nature of the interface, it was felt that it would be more appropriate to use a live prototype to 

understand what worked well and what could be improved, instead of creating all user stories from 

the start using a storyboard approach. The second stream was completed by Sonalysts, who 

provided support on the SDK, ensured all required capability was present, and assisted with 

developing parts of GIST. 

Initial development of the designs was completed during a three-month visit to Sonalysts. They 

provided support on using SEII and the SDK. After the three-month development period, the 

foundations were present and adequate training had been provided to enable continuing 

development efforts. Using this training, GIST was progressed to a proof-of-concept with support 

from Sonalysts, who provided additional builds of the simulation engine to enhance functionality 

where required. 

As with the frontend design, an object-oriented design and object-oriented programming approach 

were mainly used for the underlying code. While most code was within a class, exceptions included 

helper functions that were not placed in a class as a design choice, instead being available within 

the code’s namespace, compile-time constants, or compiler instructions. These choices were either 

required by the compiler or were the result of design decisions made during development. 

Encompassing the design and creation of object-oriented software respectively, these approaches 

view software as being formed of multiple interacting classes representing entities, which 

encapsulate properties and methods of that entity. An instantiated class, which can be likened to a 

blueprint, is called an object. The methods were chosen as standard methods of software 

engineering (Bourque and Fairley, 2014), and by adopting an object-oriented approach to the 

design, they could be initially informed by that process. For example, it was known that other 
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vessels were identified as an object to visually prototype and a series of properties were used to 

add visual elements; this same list could be used as the basis for the underlying class. The classes 

were refined as required during development, aided by the tools provided by Visual Studio and 

ReSharper (various versions; a suite of productivity tools). 

8.5 Finished HMI and Key Features 

A screenshot of the finished HMI is shown in Figure 54, showing the general layout. The similarities 

to the initial designs from Figure 50 and Figure 51 are visible, although it is clear that changes have 

been made. This section will discuss pertinent aspects of operating GIST and relate these back to 

the design directions identified in Chapter 5 and Chapter 6. Pertinent throughout is ensuring that 

the interface is as configurable as possible, arising from the design direction identified in Section 

5.5.3. Where possible and appropriate, GIST was designed to give operators control over how they 

complete tasks and how data is represented to them. 

The general layout is the same as the initial designs. The Ownship Information Panel is at the 

bottom, see Figure 53. From left to right, it contains the following capabilities: 

- Settings: Toggles Sonar and TMA capabilities. Also allows for toggling sound. 

- Messages: Shows messages to the operator that they need to acknowledge. These 

messages can either be from socio (operators) or technical (GIST automation) agents. 

- Cursor [Hull] and Cursor [Bow]: Shows the true and relative bearings, and the range, of the 

cursor on the map in relation to the sensor the readout is for. The readout changes colour 

between green and red to match the associated relative bearing colour (starboard and port 

respectively), a mechanism which is applied to all bearing readouts throughout GIST. 

- Sensors: A visual control for selecting which sonar sensor to display on the map view. 

- Stopwatches: Two digital stopwatches that also include pause capability. 

- Ownship Parameters: Readouts that show the depth of the submarine and associated keel 

depth, the course, and speed. 

 

Figure 53 – GIST Ownship Information Panel screenshot 
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Figure 54 – GIST Screenshot 
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The main part of the interface is a top-down map view, occupying most of Figure 54. Ownship is 

shown as a representative image, see Figure 55, whose size is contingent on the zoom level. There 

are minimum and maximum sizes set on the image so that the submarine is always locatable. As 

this might be different to the actual dimensions, these are shown as a faint grey rectangle, allowing 

the operator to understand the submarine’s actual dimensions at the zoom level. Characters are 

shown on the ownship image to represent information, such as ‘S’ for surfaced/periscope depth, 

and ‘!’ for possible counter-detection (based on fictional, arbitrarily chosen figures in GIST). Other 

entities were shown as icons. Any contact without a solution would also have a warning label 

underneath its icon, see Figure 57. 

Sonar sensor data is represented ecologically on the map, implementing the first recommendation 

from Section 5.5.2. Active sensors are represented by a circular polygon extending from ownship, 

showing their typical range. Sensor baffles are represented by removing a corresponding sector 

from the circle. Each sensor is assigned a colour, which was used on the map view and throughout 

the interface. The opacity was proportional to the background noise of the sensor, where more 

noise causes increased opacity. This allows operators to visualise the noise, and to intuitively 

understand that the sensor might not be detecting all traces as it will be occluding the environment 

underneath the opaque polygon. Detections and contacts were represented by icons and would 

initially appear at the edge of the sensor’s range along the bearing line, but this is configurable, 

such as the use of pre-defined initial ranges. Live sonar sensor data was represented by a red line 

showing the most recent bearing data. Each sensor had a corresponding white sweep polygon, 

representing a 1° sector. It followed the mouse around for its angle and allowed the operator to 

play aural noise from that bearing. 

Detections and contact cut information were represented as overlays on the map as well, see Figure 

55. Current sonar detections were marked as red lines. As with the sensor range polygons, each 

detection line’s opacity was a function of signal strength, which also affected the line width. They 

represented all signals being received. Once a detection had been made into a contact, cuts would 

start to be added to the map. This occurred at regular intervals, and as with the Dangerous Waters 

(DW) LOP were marked as cut lines. Their thickness and opacity were linked to the signal strength 

at the time of creation. There were multiple cut types and each on received a different colour: the 

leading (most recent) cut was coloured magenta, all cuts before this were coloured blue, and cuts 

that were redrawn were orange. Redrawn cuts were implemented to solve a graphics issue, where 

some cuts would not render when required; the operator could request the cuts be redrawn at any 

time, which would re-render all cuts using an orange colour. 
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Figure 55 – Cuts for a contact and leading sonar data Figure 56 – Example icon with a 

warning that a solution is required 

On the left of the interface is Contact Management, see Figure 57. This was formed of two lists, one 

for detections, and one for contacts. These lists were populated by widgets (a generic term for an 

interface item) for each entity that displayed an image, the time it had been held, the bearing data, 

and the originating sensor. The widgets were sorted at regular intervals by their bearing, allowing 

operators to easily identify which contacts are merge candidates based on having similar bearings 

with different sensors. The blue “DES” (short for designate) button on the detection widgets was 

used to assign a tracker, causing it to be moved to the contacts list. The widget would remain the 

same apart from two small changes. Firstly, the button text would change to the tracker ID, which 

would open the Contact Information Panel when clicked. Secondly, the image area was populated 

with the default classification image, which is from the first possible entity in the database. 

The Contact Information Panel had three tabs. The first was the General tab, see Figure 58, which 

contained general functionality for managing the contact. The operator could set the contact’s 

classification details using either the mouse or keyboard. If a contact was merged, will assign a 

colour to the merge, and highlight all trackers in the merge by colouring the left edge of the contact 

card. This data is also reflected underneath the “Split Into” button, which details what the merge is 

formed of. This was done to maintain operator SA, allowing them to understand which trackers 

form the contact they are working with. 

The second tab was Sonar, see Figure 59, which is where Sonar analysis tasks were completed. The 

narrowband analysis was compacted into one readout, which used colours to represent the 

different datasets. Red lines for each frequency in the database entry would be shown as the 

operator cycled through the available classifications. Any frequencies from the contact that did not 

match were rendered in blue, and those that did were rendered in green. Operators could use this 
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information to see if there was a match, and how complete partial matches were. Two waterfalls 

were implemented, which only showed contact data for the currently selected contact. This was to 

make the sonar data clear to operators. The bottom waterfall was a standard historic waterfall, 

while the top waterfall was a predictive waterfall that would use the most recent data to show what 

the waterfall would look like in the future using linear extrapolation. Both waterfalls had 

corresponding readouts underneath that would display information about the point underneath 

the cursor. 

The third tab was TMA, see Figure 60, which is where TMA tasks were completed. There were three 

solution types with corresponding colours, shared (purple), working (blue), and private (yellow). 

The colour was used for all widgets pertaining to the solution, including items in the information 

panel and on the map. For example, the solution being drawn in Figure 61 is a working solution as 

it is blue. Solution parameters were shown in readouts within each solution area. The active 

solution, which is the one that would be drawn when interacting with the map, could be selected 

by clicking on the corresponding button in the “Solutions” group. Solution parameters could be 

copied between each solution from here by clicking the white arrows. 

 

 

Figure 57 – GIST Contact Management 

screenshot 

Figure 58 – GIST Contact Panel – General Tab 

screenshot 

The mechanism for creating solutions was vastly different from DW and implemented the design 

direction to add more automation and enforce solution parameters, arising from the design 

direction identified in Section 6.4.2. Solutions were drawn directly onto the map as a series of 

straight legs, bookended by icons, by clicking on points, see Figure 61. This allowed operators to 

enter a historic path for a contact as well as its most recent leg, as opposed to just the single leg 

option that DW provided. Operators could directly manipulate the speedstrip using its icons, which 

could be added, moved, and deleted as required. They could also draw an entirely new solution. 
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The key difference from DW, however, was that the speedstrip would calculate the intersections to 

use for the solution automatically. This was achieved by taking the two most recent cuts that were 

intersected and marking the intersections, also shown in Figure 61. These two points were used to 

compute the solution components. The interface validated the intersections to make sure that the 

final cut had been intersected, and that it was the last intersection (by time), warning operators if 

these conditions had not been met. Once a solution had been entered, it had a predictive 

component that would show where the contact would be a short distance into the future. This 

predictive line turned red if the contact would violate ownship safety constraints. Restricting 

solution creation to use known data ensured that operators could not enter solutions that did not 

reflect cut data, and using the latest cuts ensured that out-of-date data was not used accidentally. 

Operators could filter the amount of data shown by using the ‘Show’ options in the General Tab.  

 

 

Figure 59 – GIST Contact Panel – Sonar Tab screenshot Figure 60 – GIST Contact Panel – TMA 

Tab screenshot 

Operators were also provided with trialling tools to adjust their solutions. These tools were 

designed to assist operators in narrowing down solution possibilities, in addition to the other 

techniques, such as pattern recognition and range gating. Operators could use the optional tools to 
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refine their solutions, or understand how a solution was arrived at, helping to develop their skills 

and understanding of the process, as per the design direction identified for Sonar and TMA. The 

first tool created a circular polygon around the mouse that showed the distance it would be possible 

for a contact to cover at the entered speed, see Figure 62. Operators could move their mouse along 

a cut and see whether it was possible to reach the next cut and by which course by looking for 

intersects, which would indicate the course(s) a contact would have to be travelling at the proposed 

speed to move between the two cuts being inspected. 

 

 

Figure 61 – Entering solutions Figure 62 – Speed and course circle 

The second tool placed the solution into a trial mode, see the controls atop each solution box in 

Figure 60, and allowed solution parameters to be entered numerically into the TMA readouts. These 

values could be previewed by pressing the “>” button, which would represent the solution on the 

map, see Figure 63 and Figure 64. Pressing the “<” would set the readout values to that of the most 

recent solution leg if required. The solution was represented by representing what the cuts would 

look like if the solution being trialled was accurate. The solid line is the leading cut, and the dashed 

line is the penultimate cut. The trial cuts are terminated by a green dot to show their location, both 

of which are linked by a line to show the contact’s path. If the trial cuts are not aligned with actual 

cuts, as in Figure 63, this meant that the solution was incorrect. The operator would then be 

expected to adjust their values until the cuts aligned, such as in Figure 64. This did not mean that 

the solution was correct, only plausible. Once the operator was finished trialling, they could input 

the solution using the “|” button, which would commit a single-leg solution using the entered 

parameters. 
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Figure 63 – Incorrect trial mode Figure 64 – Correct trial mode 

The final tool was automatic solutions, which requested that the system automatically enter a 

classification for a solution for a contact based on known information. The classification was 

determined from the best-matched narrowband profile. The solution entered depended on 

whether the contact was merged or not. For unmerged contacts, the solution entered was a “good 

starting point” estimate, placing the contact at a reasonable location, ready for further analysis. 

This was not very accurate but could be used for operators to quickly assign contacts without 

reasonable solution positions to assess the tactical picture and assign priorities. Solutions computed 

for merged contacts were vastly more accurate and used the intersection points between each 

sensor cut to triangulate position. For example, if a contact was being detected on hull and bow 

sonar, then two cuts would be placed on the map at each cut interval, each originating from the 

source sensor; these cuts should intersect somewhere, see Figure 65, indicating that the contact is 

close to the intersect. While position (bearing and range) could be determined with one 

intersection, two were used to also determine the contact’s course and speed. With the positions 

and solution components known, a highly accurate solution could be added for the contact, see 

Figure 66. 

 
Figure 65 – Example of intersecting cuts from a merged contact 

 
Figure 66 – Example of automatic solution applied to the intersecting cuts 
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The final tab in the Contact Information Panel was Notes, see Figure 67. This enabled operators to 

make notes, avoiding the need to store all information in their mind, or keep it written down. The 

latter is also a form of notes, but relies on the operator organising their notes manually, whereas 

GIST organises notes automatically. Each contact has its own notes, and they are chronologically 

organised, allowing the operator to assess whether the information is still accurate. Notes 

generated by the system are also shown here, such as those generated from using the automatic 

tool for unmerged and merged contacts, see Figure 68. Notes can also be promoted, which sends 

them to other operators, and shows it in the messages tab at the bottom of the interface. This 

allows operators to communicate data quickly without being misunderstood and could alleviate 

bottlenecks in communication identified in ComTET (Stanton, Roberts and Fay, 2017; Roberts, 

Stanton and Fay, 2018). 

 

 

 

Figure 67 – GIST Contact Panel – Notes Tab 

screenshot 

Figure 68 – Notes added for automatic solutions 

when the contact is not merged (top) and 

merged (bottom) 

8.5.1 How were the design ideas met? 

Table 22 presents an overview of how the design directions for Sonar and TMA were met, 

summarising the main points from the detail provided in Section 8.5. 
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Table 22 – A table summarising how the design directions from Sonar (Table 17) and TMA (Table 20) were met 

Role Design Idea How was it met? 

Sonar The interface should be configurable and support effective data 
management and provide tools to process data into information for 
operators of all skill levels. 

- Multiple configuration options are provided. 
- Tools for all skill levels are provided. 

Use information representations that reduce cognitive workload. - Information is represented on the map view where possible, allowing for direct 
perception of the submarine’s operating environment. 

Orient the interface around contacts and their information, as opposed to 
specific information gathering processes (DCLT) and provide 
configurability. 

- Use of the contact widgets for operators to easily see contact information. 
- Use of the contact information panel to perform analysis tasks on a contact, instead 
of requiring multiple screens. 

Adopt a map-based display to show bearings and other related information 
with greater ecological validity.  

- A map-based display was used. 

Represent time effectively on the map-based display. - Cuts have different colours to represent whether they are the current detection, the 
latest cut, or a historic cut. 
- Cuts are placed on the map, allowing operators to intuitively detect when a cut was 
made, as it will start from a point along the historic path of ownship. 

Maintain affordances provided by traces. - Detection markers and cuts used a combination of colour, opacity, and thickness to 
represent information to operators. 

Maintain utility of traces on waterfall for interpreting contact behaviour. - A historic waterfall was retained for contacts. 
- A predictive waterfall was added to show functional predictive information, and to 
aid situational awareness. 

Maintain bimodal processing of sonar data. - Audio was added to the interface, tied to the cursor sweep. 
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Role Design Idea How was it met? 

Move as much information management as possible into the interface so 
that separate sources do not need to be maintained. 

- All required information can be logged in the interface. 
- Operators can use the notes functionality to log additional information. 

Provide operators with information from other stations if useful. - The roles were merged, providing more information. 
- Notes can be used to provide information. 

Textual chat might be useful for operators. - Notes could be used to chat between operators. 

TMA Add as much information and functionality as possible to support and/or 
enhance tactical picture compilation. 

- A complete redesign of speedstrip entry. 
- Solution trials. 
- Speed and course circle. 

Information be better integrated to make it more accessible for analysis 
and decision making. 

- All information is visually displayed on the map. 
- Information can be filtered to a specific contact, sensor, and timeframe. 
- All contacts and their pertinent information are shown using the contact widgets. 

Implement digital information data-sharing mechanisms for operators 
where possible. 

- Notes functionality. 
- Data can be shared using the simulation engine. 

Add functional information to solutions to show their future state. - Speedstrips had a predictor component. 
- There was a predictive waterfall. 

Warn operators if an entered merge appears incorrect. - Operators were warned if merges were incorrect, based on contact bearings and 
source sensors. 

Always make contacts and their associated information visible. - All contacts are shown on the left. 

Allow the operator to see an overview of all contacts at once, instead of 
one contact at a time. 

- Pertinent information is shown using the contact widgets. 
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Role Design Idea How was it met? 

Consider merging the Sonar and TMA displays, as they will both use a map 
as a core component. 

- The displays were merged. 

Visually represent sensor geometry in conjunction with ownship. - Sensor geometry is visually displayed. 

Arrange contact information so that merge candidates can be identified 
easier. 

- Contact widgets are ordered by bearing, so merge candidates can be easily identified, 
reviewed, and enacted.  

Add direct manipulation to speedstrips. - Speedstrips can be directly interacted with. 

Allow multiple legs for speedstrips. - Speedstrips can have as many legs as required. 

Add the capability to ‘draw’ solutions on the map and automatically enter 
intersections. 

- Speedstrips can be drawn directly onto the map. 
- Intersections will automatically be found using the two most recent cuts. 

Automate tasks where there is little, or no, benefit to the operator 
completing them. 

- Automatic cut intersection finding. 
- Automatic solution generation where possible. 

Warn operators if the speedstrip direction is not congruent with the cuts. - Operators are warned when an entered solution does not intersect the last cut, or it 
is not the last intersection found.  

Validate entered solutions using logical constraints where possible. - Various warnings were added to the interface, shown using notes. 

Add the ability to trial possible solutions to see if they match the constraints 
created by the available cuts. 

- Trialling capability added, allowing operators to visually determine if a proposed 
solution is correct. 

Add more direct manipulation to the map to remove control buttons, 
freeing up more space for the map. 

- Space for the map was maximised through utilising direct interaction. 
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8.6 Conclusion 

While there are prevailing processes for arriving at an EID from a CWA, such as the work by Burns 

and Hajdukiewicz (2004) and Read et al. (2018), it remains commonly accepted that the process 

will involve creativity and fitting for specific purpose(s). This chapter presented design processes 

for GIST, accounting for both the frontend and backend design using modern software engineering 

practices. While they were created for GIST, they were designed to be generalisable and applied to 

other applications of EID where the expected output is software-based. 

For the frontend, the method proposed by Burns and Hajdukiewicz (2004) was modified to be 

object-oriented and to directly address uncertainty, which is a key EID challenge (Vicente, 2002). 

Both changes were made with the underwater operating environment in mind, specifically the lack 

of fixed information that must be displayed, and the uncertainty involved in creating the tactical 

picture. This level of uncertainty exacerbates the design challenge of ensuring that operators do 

not perceive information being represented to them as a concrete truth; such a misinterpretation 

could degrade performance, and lead to incorrect actions being taken. 

The backend was created using an agile Kanban approach. The backlog was populated using outputs 

from the Sonar and TMA Work Domain Analysis and Worker Competencies Analysis, along with the 

design directions from Chapter 5 and Chapter 6. The tasks were worked through to implement the 

underlying code for GIST. An object-oriented approach was used for the code, drawing general 

organisation from the objects identified when designing the frontend. 

As the role of human factors continues to grow in organisations, it is important to continue to look 

for exploitation opportunities. By using the outputs from CWA as much as possible in a software 

engineering context, and reusing work between both parts of the software, it is hoped that it 

provides traction to the notion that concepts from both fields can be further integrated. This is 

especially important as software is a pervasive part of society and creating a clear path for the 

exploitation of CWA could see tangible benefits to software operability. The processes outlined in 

this chapter are complete procedures for using CWA for software engineering. However, as with 

other proposed EID design methods, variability in applications is assumed, and it is hoped that they 

serve as a useful starting point for others to adopt as required, furthering the link between CWA 

and software engineering. 

The finished GIST was also presented in this chapter, providing an overview of its functionality and 

detailing key functionality aimed at supporting operators, which was cross-referenced against the 

design directions from previous chapters in Table 22. GIST utilises a top-down map view to present 
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most of its data in an ecological manner, showing the submarine’s operational environment as it is 

currently perceived. Entities on the map have counterpart information in the interface, such as 

contact cards, that gives the operator access to detailed information entities present, allowing them 

to carry out the full range of tasks required by their role. These tasks are also supported by tools 

that have been developed to simplify tasks that required more cognitive effort to be expended. An 

example of this is the course circle, which allows operators to visually identify which course(s) a 

contact is on, as opposed to calculating it from the waterfall. With a working version of GIST created 

in this chapter, the next chapter looks at evaluating it in a human in the loop experiment to 

determine the effect, if any, on key areas of performance. 
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 Evaluation of Graphically Integrated Sonar and 

Target Motion Analysis 

9.1 Introduction 

A key impetus for this thesis was to explore the suitability of Ecological Interface Design (EID; 

Vicente and Rasmussen, 1992) for use in the submarine control room to meet the challenges posed 

by future requirements. This chapter will explore whether GIST, created in Chapter 8, provides the 

expected improvements that EID purports to provide, and whether this research is in line with other 

similar experiments. Chapter 7 detailed the creation of the Graphically Integrated Sonar and Target 

Motion Analysis (GIST) interface, which was designed based on the analysis of Sonar (Chapter 5) 

and TMA (Chapter 6). While GIST is an EID like previous research in the domain, it operates using 

different concepts to prior work. The key differences are the merging of the Sonar and TMA roles, 

combined with the utilisation of a map view to display most information required. While there is 

substantive existing evidence that the underlying approach of EID could lead to improvements, GIST 

itself must be assessed to determine whether it will provide the same benefits to workload and 

performance as have been observed in other studies. Another key consideration was to assess 

whether GIST was as usable as contemporary interfaces, especially as it merged two roles together. 

The three factors of usability, performance, and workload must be balanced as much as possible to 

ensure maximal operability. For example, task performance might improve and workload lower, 

but if operators do not find the system usable, they might start implementing work arounds to ease 

their work, which could degrade overall system efficacy. 

This chapter presents a Human in the Loop (HITL) experiment conducted in the Command Team 

Experimental Testbed (ComTET) simulator to evaluate GIST against contemporary baseline 

interfaces, Dangerous Waters (DW), for these three factors. Specifically, it was hypothesised that: 

Hypothesis 1. Subjective usability would be affected by the interface: There would be a 

difference in perceived usability, measured by the SUS between the interfaces. 

Hypothesis 2. Objective task performance would be affected by the interface and scenario 

difficulty: Performance in the three tasks identified above would be affected by the 

interface and scenario difficulty. 

Hypothesis 3. Workload would be affected by the interface and scenario difficulty: 

Workload, as measured by the NASA-TLX and Bedford Workload Scale would be affected 

by the interface and scenario difficulty. 
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9.2 Method 

Research into improving submarine control room HMIs has been ongoing for several decades, as 

evidenced in the work of Clarke (1999), Burns, Bryant and Chalmers (2000), Masakowski and 

Hardinge (2000), Dry et al. (2005), Ly, Huf and Henley (2007), and (Michailovs et al., 2021; 

Michailovs et al., 2022). Recent programs have sought to test interfaces and other changes using 

Human in the Loop (HITL) experimentation cycles, such as work in the Victoria Class 

Experimentation Laboratory (Bowden and Grosse, 2011; Hunter, Hazen and Randall, 2014) and 

ComTET (Roberts, Stanton and Fay, 2015; Roberts, Stanton and Fay, 2018). 

Operators and other key stakeholders can be involved in designing an artifact to address a specific 

issue that is being faced, designs can be mocked up to an appropriate fidelity, and then they can be 

tested using robust experimental and statistical methods in simulator facilities such as ComTET. 

This approach is not without required time or cost, although it can significantly reduce resource 

requirements and create clear ‘go/no go’ points for designs. Consequently, multiple different ideas 

can be tested, and iterated if desired. In this case, it is an examination of GIST to determine if EID is 

a suitable design approach for Sonar and TMA. Experimental rigour also has the benefit of providing 

an understanding of whether the idea will work, backed by robust statistics, and where any 

improvements would need to be made for any adoption. As such, testing of a design in this manner 

is necessary for it to be considered for potential further investigation and inclusion in future 

submarine control rooms. 

The creation of these facilities has created opportunity to test ideas created from design 

workshops, such as the work of Hall (2012), Fay, Roberts and Stanton (2020), and Salmon et al. 

(2016), at a reasonable level of fidelity. This was explored in Chapter 7, which aimed to validate the 

fidelity of the ComTET simulator so that it could reasonably be perceived as a submarine control 

room for the purposes of HITL experimentation. Consequently, a HITL scenario-based experiment 

in ComTET was chosen, as this would permit an assessment of how the participant would interact 

with the sensors and other underlying data when completing scenarios in an environment of 

reasonable fidelity. This approach was also chosen as completing a tactical picture takes time 

(Michailovs et al., 2021) and uses complex data, which might not have been captured using 

alternative approaches that were did not use ‘live’ versions of the interfaces. 

9.2.1 Participants 

While similar to previous HITL experiments conducted in ComTET (Roberts, Stanton and Fay, 2017b; 

Stanton, Roberts and Fay, 2017; Roberts, Stanton and Fay, 2018; Stanton and Roberts, 2018; 

Roberts et al., 2019; Stanton and Roberts, 2019; Stanton et al., 2020a; Stanton et al., 2020b), this 
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experiment used an individual participant approach, as opposed to a team study. An individual 

participant study was chosen to avoid a confounding effect arising from changing both the 

interface, and merging the Sonar and TMA roles.  

There was a target of recruiting 60 participants, consisting of a mix of novices and experts. 

Participants were mainly novices, as the relative differences were being assessed, in line with 

previous ComTET experiments (Stanton and Roberts, 2019), citing Walker et al. (2010c). They were 

primarily drawn from a student cohort as this overcame potential issues with submariner 

availability, an approach that has been adopted before in ComTET (Stanton et al., 2020b). Novices 

were people with no experience of submarine control rooms, such as students, and experts were 

people familiar with the domain. Participation was entirely voluntary and had informed consent 

from each participant. The study received ethics approval from the University of Southampton 

ethics process with protocol number 10099, and MoDREC with protocol number 551/MODREC/14. 

All participants were recruited through placing advertisements on message boards (physical and 

virtual) at the University of Southampton, sending requests for participation to industry partners 

(Dstl, Thales UK, BAE Systems, etc.) for dissemination, and through personal relationships (e.g., 

social media posts, colleagues). Requests were accompanied by recruitment posters that provided 

all required information. There were two versions available, each with different tagline to better 

appeal to the target audience; the novice version used ‘experience being a submariner’, and the 

expert version that used ‘contribute to future control rooms’. This was to increase appeal to 

prospective participants; novices might not have felt they could contribute to future ways of 

working, but could be interested in the experience, whereas experts have the experience and might 

be more motivated to complete tasks like their job if it had an impact on future ways of working. 

Posters were placed in common areas around the University of Southampton, and a post was added 

to the internal communications platform with no specific target cohort. Companies were 

approached via professional connections who, at their sole discretion and in adherence to internal 

policies, advertised for voluntary participants from their organisations. The author’s research team 

was highly collegiate, and an email was circulated to inform them of the study. It was made clear 

that participation was voluntary, and professional and personal relations would not be affected if 

they declined to participate or did not respond. 

There were minimal restrictions on eligibility, with participants being required to be a citizen of the 

United Kingdom or the Commonwealth (a national security requirement of the funding) and have 

reasonable vision (i.e., enough to operate the interfaces without adjustments to avoid confounds). 

Additionally, participants had to be over 18 years of age. 
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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 
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different formats, software was written that transformed the outputs into a common format for 

subsequent analysis. This analysis was performed using another program that computed desired 

metrics for each scenario run and compiled results into a single source. 

All operators manage a large variety of information (Burns, Bryant and Chalmers, 2005), and the 

HMIs are a vital aspect of facilitating this. This is exacerbated by the fact that operators must 

complete various mission types, with decision-support systems being vital support (Burns, Bryant 

and Chalmers, 2000). However, it would not be enough to simply provide the information. The 

human dimension must be considered in the context of work to be performed (Chalmers, Easter 

and Potter, 2000). To consider this, it was decided that subjective measures of usability and 

workload would be collected; while objective performance improvements would be a valid result, 

this should not come at the expense of operators, which could negatively affect performance (Yan 

et al., 2022), citing Nachreiner (1995). A reduced workload could also be indicative of GIST meeting 

the aim of moving as much processing as possible to SBB, which could offer increased capacity to 

evaluate their action space for unfamiliar and/or unexpected situations. Low- and high- difficulty 

versions of a scenario were created to generate a difference in workload to understand how this 

would affect performance, if at all. 

The System Usability Scale (SUS; Brooke, 1996) was selected to assess perceived usability. It was 

chosen as a standard measure of usability, and one that has been assessed as reliable (Sauro and 

Lewis, 2012). The National Aeronautics and Space Administration Task Load Index (NASA-TLX; Hart 

and Staveland, 1988). Again, it was chosen as a standard measure of task load (Hart, 2006). To 

compliment the NASA-TLX, the Bedford Workload scale (Roscoe and Ellis, 1990) was also selected. 

This would allow participants to provide a single number for their workload, following the 

flowchart. 

9.2.3 Equipment 

The study was run in the ComTET simulator, which consisted of ten participant computers (two 

spares), one experimental computer, and a seat for experiments to monitor the experiments, see 

Figure 69. Participant computers were mounted in a representative Multi-Function Console 

(cabinets that house technical systems, see Section 4.1.1.3), with one ~22” 1920 × 1080 resolution 

monitor, a mouse, a keyboard, and a whiteboard. They were also provided with whiteboard pens, 

wipes, ballpoint pens, and paper. 
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Figure 69 – Schematic layout of participants for the experiment. Not to scale. 

The experiment was run digitally using Clamshell, a bespoke laboratory management software 

developed by the author (Fay, Stanton and Roberts, 2018), which includes digital versions of scales 

and measures. Clamshell was used to launch software, scales, and forms where possible, and 

tagged data with a unique participant identifier. 

The first interface (DW) was formed of the Sonar and TMA screens in DW (Version 106, Build 651). 

These were representative of contemporary ways of working and served as the baseline. Three 

Sonar screens were used, Broadband, Narrowband, and the DEMON. The second interface (GIST) 

was formed of a single top-down map view that combined sonar and TMA functionality. It was built 

using the Simulation Engine II (SEII) Software Development Kit (SDK; Version 1.3.248, 2.8.264.0, 

Runtime 2.6; see Section 8.4 for details). SEII and GIST were configured to be the same as DW as 

much as possible, including the underlying sonar model where possible. 

Finally, a paper-based demographics form was used to request optional data from each participant. 

The data from all forms was digitized, and, as with other data, collated into the compiled data. 
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9.2.4 Design 

The study employed a 2 × 2 within-subjects repeated-measures design. The independent variables 

were the interface used (DW, GIST) and scenario difficulty (Low, High; described in Table 23). They 

will be referred to as “Interface” and “Scenario” henceforth. The dependent variables are detailed 

in Table 24. The group column shows which collective metric they were assessed as, which is 

reflected in Section 9.3. Participants were asked to complete Sonar and TMA tasks for each 

scenario, with the objective of building and maintaining an accurate tactical picture. To achieve this 

objective, they were asked to follow the Detect, Classify, Localise, Track (DCLT) initialism for Sonar 

(see Section 4.1.1.4  for an overview), and to continuously ensure that all entities had appropriate 

solutions for TMA (see Section 4.1.1.5 for an overview). Acceptable performance was generally 

defined, such as ensuring that solutions use known bearing and speed. However, exact measures 

were not provided, as these are usually provided in context by senior control room personnel. 

Consequently, participants were asked to complete tasks as accurately as they could in each 

scenario. Aside from the general order of tasks, no requests were made for task ordering, time 

allocation, or frequency. 

Table 23 – Description of scenarios used 

Difficulty Entities Key Features 

Low 1 × Submarine 
4 × Fishing Boat 

- Consistent courses 
- Contacts not in baffles 

High 1 × Submarine 
5 × Fishing Boat 
3 × Surveillance Boat in DW / 
Corvette in GIST 

(Similar models were chosen as 
not all models were available) 

- Ownship changes course at 10 minutes 
- Contacts can enter and emerge from 

baffles 

  

Table 24 – Description of independent variables 

Independent Variable Description 

Subjective Usability SUS Score 
The overall score from the SUS after all 
scenarios were completed. 

Tracker Assignment % Trackers Assigned 

The percentage of possible trackers that were 
assigned. The maximum number of trackers is 
the number of entities multiplied by the 
number of available sensors. 
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Independent Variable Description 

Contact Merging 

% Merges 
The percentage of entities that formed part of 
a merge at any point during the scenario. 

% Correct Merges 
The percentage of completed merges that were 
correctly merged. 

Solution Performance 

Best Solution Position Δ 

The smallest difference between an entity’s 
location and its solution at the time it is entered 
or affected by contact management operations 
(merges and splits). 
 
This differs from the solutions range 
component, which is measured from ownship 
to the solution’s position. This is to account for 
bearing as well. 

Best Dead-Reckoned 
Position Δ 

The difference between an entity’s location and 
solution after the “Best Solution Position Δ” has 
been dead reckoned by 30 seconds. This 
accounts for the solution’s course and speed. 

Subjective Workload 
NASA-TLX 

The raw NASA-TLX score, with a range of 0 – 
120 (0 – 20 for each of the six questions). 

Bedford The Bedford score, with a range of 0 – 10. 

9.2.5 Procedure 

Participants attended the ComTET simulator for two days for approximately eight hours each day 

and had regular comfort breaks and a 30-minute lunch break each day. Upon arrival on the first 

day, participants were seated and provided with a verbal general introduction to the study. They 

were asked to read through a Participant Information Sheet (PIS) provided to them and sign a 

consent form. Experimenters were available to answer any questions and assuage any concerns.  

Participants were trained on both simulation engines using a combination of video tutorials and 

experimenter-guided practice over three hours, see Table 25. Due to restrictions on lab access 

arising from the Coronavirus 19 pandemic, all planned interface experiments for this thesis were 

merged into one large study using a repeated measures design. The tutorial videos for an interface 

presented in the next chapter, marked by a ‘*’, are included for completeness. Tutorial videos were 

either created for this experiment or sourced from previous ComTET experiments. All videos were 

designed to be reusable for further experiments. Participants were invited to ask questions 

whenever required, except during the videos, as their answers might be covered later in the video 

being watched. The first video played was a general introduction to submarine control room 
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operations and common underlying theory, such as what bearing, course, range, and speed are. 

After this, theory videos for both roles were played. A Sonar video explained Sonar theory, 

procedures, and waterfalls. This was followed by a counterpart TMA video that detailed how to 

generate and maintain solutions. Next, a patterns video was played, detailing common patterns in 

Sonar and TMA data that would help when completing tasks. Finally, a specific video was played for 

each interface, detailing their layout and operation. Each interface-specific video was followed by 

approximately 15 – 20 minutes of practice on the interface, with experimenters available to answer 

any questions, consolidate any common questions or misconceptions, and provide constructive 

feedback. Experimenters also asked participants to demonstrate tasks (e.g., “can you designate that 

contact?”) to verify that they had understood the training material. 

Table 25 – Overview of training that was provided to participants 

Duration 
(minutes) 

Training Component Purpose 

30 General video Introduce submarine control rooms and associated general 
concepts. 

40 Sonar video Cover sonar theory. 

20 TMA video Cover TMA theory. 

30 Patterns video How to interpret patterns in sonar and TMA. 

15 DW sonar video How to operate DW sonar. 

15 DW TMA video How to operate DW TMA. 

15 DW Practice Familiarisation with DW. 

20 Mashup video* How to operate the Mashup interface. 

20 Mashup practice* Familiarisation with the Mashup interface. 

20 GIST video How to operate GIST. 

15 GIST practice Familiarisation with GIST. 

30 Overall practice Further familiarisation. 

Σ 3 h 30 m * Training activities for an interface evaluated in the next chapter. 

Participants then completed all scenarios for most of the remaining time, with each scenario lasting 

for 20 minutes. Scenario order was counterbalanced using a Latin square to prevent order or 

practice effects. The square consisted of an arbitrary initial order of scenarios for each scenario run 

(i.e., the 1st, 2nd, …, Nth scenario), which was then shifted by one for each planned participant in the 

experiment, see Table 26 as an example. Each participant was assigned a line of counterbalancing 

from the table, and their scenarios were run in the dictated order, save for where running the 
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planned scenario was not possible due to issues (e.g., simulation engine not starting, or sound not 

working). In this instance, the planned scenario was swapped with the next scenario in the order 

that could be run. 

Table 26 – Exemplar Latin square counterbalancing used for the experiment. Arbitrary background 

colours are used for clarity. 

 
Scenario 

1st 2nd 3rd 4th 

Participant 

1 Low – DW High – DW Low – GIST High – GIST 

2 High – GIST Low – DW High – DW Low – GIST 

3 Low – GIST High – GIST Low – DW High – DW 

4 High – DW Low – GIST High – GIST Low – DW 

 

Legend Low – DW High – DW Low – GIST High – GIST 

For each scenario, participants were asked to follow the steps defined in Section 4.1, described in 

their training, to construct and maintain a reasonable tactical picture. An experimenter was 

available for participants to request technical assistance but would not assist with the actual tasks. 

Once the scenario time elapsed the interface was paused, minimised, or closed, and participants 

were presented with the NASA TLX and Bedford scales, one at a time. Once they were completed, 

participants could opt for a short comfort break, while the next scenario was set up. 

Once all scenarios were completed, participants completed a SUS for each interface. Participants 

were then invited to discuss the interfaces, followed by a debrief of the entire experiment. The 

latter was started by standardised prose so that all participants received the same information. 

Finally, participants were offered £35 for expenses, which concluded their participation. 

9.2.6 Analysis of Data 

All statistical analyses were conducted using IBM SPSS Statistics (version 28.1.1.0 (142)) and Excel 

(Microsoft 365). Data met most assumptions for conducting parametric tests, although normality 

was routinely violated when assessed using a Shapiro-Wilk test. This test was chosen as it is 

considered the most powerful test among the commonly used normality tests (Mohd Razali and 

Yap, 2011) and provides higher power levels (Mendes and Pala, 2003). As the sample size is greater 

than the commonly accepted size of 30 for the Central Limit Theorem (CLT; Field, 2018), parametric 
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tests were still selected. All data, except for solution position data, was treated as-is. Solution 

position data was transformed using a common logarithm to reduce the effect of skew. 

A Paired-Samples T Test was conducted on the SUS score. Tracker assignment performance was 

analysed using a two-way Analysis of Variance (ANOVA). The remaining categories were analysed 

using a two-way Multiple Analysis of Variance (MANOVA). Bonferroni corrections were used to 

account for repeated testing.  

9.3 Results 

There were 45 participants in total. Their ages ranged from 20 to 65 (M = 26.51, SD = 9.20), with 30 

males and 15 females. Results are not disaggregated by these categories to maintain appropriate 

statistical power, especially for tests where the population was decreased due to only a subset of 

participants having completed the tasks (e.g., only 16 participants completed solutions for all four 

conditions). 

9.3.1 Subjective Usability – System Usability Scale 

Participants reported higher usability when using GIST than when using DW. The means and 

associated standard deviation for answers to each question, and the total scores, are presented in 

Table 27. SUS scores were higher for GIST (M = 54.67, SD = 23.10) than for DW (M = 44.11, SD = 

20.79). The difference was significant, t (44) = -2.12, p = .04 (2-sided). 

Table 27 – Means for each SUS question and the total score by interface, with cell shading 

representing a favourable rating for each question, based on the mean. 

 DW GIST 

 M SD M SD 
Q1. I think that I would like to use this system frequently 2.64 1.23 2.98 1.26 
Q2. I found the system unnecessarily complex 3.38 1.22 2.60 1.14 
Q3. I thought the system was easy to use 2.67 1.10 3.27 1.29 
Q4. I think that I would need the support of a technical 
person to be able to use this system 

2.96 1.23 2.96 1.28 

Q5. I found the various functions in this system were well 
integrated 

2.78 1.11 3.47 1.20 

Q6. I thought there was too much inconsistency in this 
system 

2.60 1.16 3.00 1.15 

Q7. I would imagine that most people would learn to use 
this system very quickly 

2.87 1.28 3.42 1.24 

Q8. I found the system very cumbersome to use 3.76 1.25 2.64 1.16 
Q9. I felt very confident using the system 2.96 1.28 2.78 1.28 
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Q10. I needed to learn a lot of things before I could get 
going with this system 

3.58 1.27 2.84 1.25 

Overall SUS Score 44.11 20.56 54.67 22.85 

9.3.2 Tracker Assignment – % Trackers Assigned 

Participants assigned more trackers in GIST than they did in DW. The percentage of trackers 

assigned was significantly affected by the interface used, F (1, 36) = 58.21, p = < .001. The mean 

percent of trackers assigned was 90.88% (SE = .77, SD = 4.68) in GIST and 65.46% (SE = 3.29, SD = 

19.98) in DW. 

Participants assigned more trackers in low difficulty scenarios. The percentage of trackers assigned 

was significantly affected by the scenario, F (1, 36) = 6.99, p = .012. The mean percent of trackers 

assigned was 80.27% (SE = 2.02, SD = 12.28) for the low scenario and 76.1% (SE = 1.73, SD = 10.5) 

for the high scenario. 

It was revealed that scenarios conducted in GIST had a higher tracker assignment percentage than 

in their respective DW counterparts, see Table 28 and Figure 70. The interaction effect between 

the interface and scenario was significant, F (1, 36) = 38.075, p = <.001.  

 
Table 28 – Tracker percentage assignment between DW and GIST for both scenarios 

Interface Scenario Mean Std. Error Std. Dev. 

95% Confidence Interval 

Lower Bound Upper Bound 

DW 
Low 72.97 4.04 24.56 64.78 81.16 

High 57.94 3.11 18.91 51.64 64.24 

GIST 
Low 87.5 .000 0.00 87.5 87.5 

High 94.26 1.54 9.36 91.14 97.37 
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Figure 70 – Tracker percentage assignment between DW and GIST for both scenarios. 95% 

Confidence Intervals (CI) indicated. 

9.3.3 Contact Merging – % Merges & % Correct Merges 

Participants completed more merges, which were more accurate, in GIST when compared to DW. 

The MANVOA revealed that merge performance was significantly affected by the interface used, F 

(2, 35) = 49.37, V = .74, p = <.001. Subsequent univariate tests showed that there was a significant 

effect on the percentage of merges completed, F (1, 36) = 101.17, p = < .001, and there was a 

significant effect on the percentage of merges that were correct, F (1, 36) = 79.11, p = < .001. The 

percentage of merges completed was higher in GIST (M = 74.32%, SE = 3.78, SD = 23) than DW (M 

= 16.72%, SE = 3.95, SD = 24.03). The percent of correct merges was also higher in GIST (M = 88.92%, 

SE = 4.36, SD = 26.54) than DW (M = 24.78%, SE = 5.76, SD = 35.05). 

Participants performed more merges in the low difficulty scenarios, and the accuracy of their 

merges was higher in low difficulty scenarios. Merge performance was significantly affected by the 

scenario, F (2, 35) = 9.76, p = <.001. Post hoc testing revealed that there was not a significant effect 

on the percentage of merges completed, F (1, 36) = .60, p = .442, although there was a significant 

effect on the percentage of merges that were correct, F (1, 36) = 11.788, p = .002. The percentage 

of merges that were completed was higher in the low scenarios (M = 46.62%, SE = 3.55, SD = 21.8) 

compared to the high scenarios (M = 44.43%, SE = 2.22, SD = 13.49). The percentage of correct 

merges was higher in the low scenarios (M = 63.74%, SE = 4.86, SD = 29.54) than the high scenarios 

(M = 49.95%, SE = 3.27, SD = 19.91). 

Participants had better merge performance in GIST. There was a significant interaction effect 

between the interface and scenario, F (2, 35) = 15.44, p = < .001. Post hoc testing revealed that 

there was a significant effect on the percentage of merges completed, F (1, 36) = 29.47, p = < .001, 
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and there was a significant effect on the percentage of merges that were correct, F (1, 36) = 8.87, 

p = .005. It was revealed that both measures of merge performance were higher in GIST for both 

scenarios, see Table 29, Figure 71, and Figure 72. 

Table 29 – Merge performance for each interface and scenario combination 

Measure Interface Scenario Mean Std. Error Std. Dev. 

95% Confidence 
Interval 

Lower 
Bound 

Upper 
Bound 

Completed 

DW 
Low 26.35 6.05 36.78 14.09 38.61 

High 7.1 2.85 17.32 1.32 12.87 

GIST 
Low 66.89 3.63 22.09 59.53 74.26 

High 81.76 4.46 27.10 72.72 90.79 

Correct 

DW 
Low 37.84 8.08 49.17 21.45 54.23 

High 11.71 5.20 31.64 1.16 22.26 

GIST 
Low 89.64 4.72 28.69 80.07 99.21 

High 88.19 4.81 29.26 78.44 97.95 

  

  

Figure 71 – % Merged for DW and GIST. 95% CI 

indicated. 

Figure 72 – % Correctly merged for DW and 

GIST. 95% CI indicated. 

9.3.4 Solution Performance – Best Solution Position Δ & Best Dead-Reckoned Position Δ 

Participants entered more accurate solutions using GIST when compared to DW. The MANOVA 

revealed that solution performance was significantly affected by the interface used, F (2, 14) = 8.87, 

V = .56, p = .003. The means for each metric are shown in Table 30, Figure 73 and Figure 74. 

Subsequent univariate tests revealed that there were significant effects for entered solution 
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positions, F (1, 15) = 18.14, p = < .001, and dead-reckoned solution positions, F (1, 15) = 14.86, p = 

< .001. The most accurate solution position had a mean of 572.8 metres (SE = 1.27, SD = 5.08) in 

DW, whereas this was 70.47 metres (SE = 1.54, SD = 6.16) in GIST. Dead-reckoned solutions were 

also more accurate in GIST when compared to DW. The most accurate dead-reckoned solution 

position had a mean of 597.04 meters (SE = 1.25, SD = 5) in DW, whereas this was 64.86 meters (SE 

= 1.55, SD = 6.2) in GIST. Solution performance was not significantly affected by the scenario, F (2, 

14) = 1.4, p = .279. There was not a significant interaction between the interface and scenario, F (2, 

14) = .38, p = .694. 

Table 30 – Solution Performance for DW and GIST 

Measure Interface Scenario Mean Std. Error 
Std. 
Dev. 

95% Confidence 
Interval 

Lower 
Bound 

Upper 
Bound 

Best 
Solution 
Position Δ 

DW 
Low 955.85 1.53 6.14 383.81 2,380.43 
High 343.08 1.38 5.52 172.71 681.50 

GIST 
Low 82.74 1.76 7.03 24.88 275.16 
High 60.07 1.72 6.87 18.98 190.14 

Best Dead-
Reckoned 
Position Δ 

DW 
Low 958.61 1.54 6.17 380.93 2,412.35 
High 371.00 1.37 5.49 189.06 728.03 

GIST 
Low 73.31 1.82 7.28 20.48 262.44 
High 57.30 1.73 6.92 17.83 184.16 

  

  

Figure 73 – Best Solution Position Δ for DW and 

GIST. 95% CI indicated. 

Figure 74 – Best Dead-Reckoned Position Δ for 

DW and GIST. 95% CI indicated. 

As a limited number of participants had completed solutions across all 4 permutations (N = 16), 

subsequent one-way ANOVAs were completed to assert the effects of each independent variable. 

Testing with scenario as the only independent variable confirmed that the scenario did not affect 
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performance within DW, F (2, 31) = 1.21, p = .312, and confirmed that the scenario did not affect 

performance within GIST, F (2, 19) = .08, p = .928. Testing with interface as the only independent 

variable revealed that there was a significant effect for low scenarios, F (2, 26) = 12.56, p = < .001, 

but there was not a significant effect for high scenarios, F (2, 17) = 2.65, p = .99. Subsequent testing 

for the low scenarios showed that there was a significant effect of both entered position, F (1, 27) 

= 24.92, p < .001, and dead-reckoned position, F (1, 27) = 25.88, p < .001. 

9.3.5 Subjective Workload – NASA-TLX & Bedford 

The MANOVA revealed that perceived subjective workload was not significantly affected by the 

interface used F (2, 32) = 2.68, V = .14, p = .084. 

Participants rated the high difficulty scenarios more highly, signifying a higher perceived workload, 

when compared to the low difficulty scenarios, see Table 31 and Table 32. Note that the averages 

are different between Table 31 and Table 32 as the former excluded cases that were not complete 

(all Bedford and NASA-TLX scores present for a participant). Perceived subjective workload was 

significantly affected by the scenario, as measured by a MANOVA, F (2, 32) = 25.59, V = .62, p = < 

.001. Subsequent univariate tests revealed a significant effect for both the NASA-TLX, F (1, 33) = 

48.31, p = < .001, and Bedford, F (1, 33) = 25.36, p = < .001. NASA-TLX scores increased with scenario 

difficulty, with low scenarios having a mean of 54.21 (SE = 1.99, SD = 11.63) and high scenarios 

having a mean of 66.04 (SE = 2.23, SD = 13.03). This was also true for Bedford scores, with low 

scenarios having a mean of 6.11 (SE = .38, SD = 2.19) and high scenarios having a mean of 7.91 (SE 

= .29, SD = 1.71). 

The MANOVA revealed that there was no significant interaction effect between interface and 

scenario, F (2, 32) = .752, p = .479. 
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Table 31 – Workload scores for DW and GIST 

Measure Interface Scenario Mean 
Std. 

Error 
Std. 
Dev. 

95% Confidence 
Interval 

Lower 
Bound 

Upper 
Bound 

TLX 

DW 
Low 58.27 2.61 15.22 52.95 63.58 

High 68.5 2.84 16.54 62.73 74.27 

GIST 
Low 50.15 2.36 13.76 45.35 54.95 

High 63.59 3.01 17.57 57.46 69.72 

Bedford 

DW 
Low 6.79 .44 2.58 5.89 7.69 

High 8.18 .35 2.06 7.46 8.89 

GIST 
Low 5.43 .53 3.08 4.35 6.50 

High 7.65 .48 44.59 6.68 8.62 

  
Table 32 – Means for each question of NASA-TLX 

 
DW GIST 

 
Low High Low High 

 
M SD M SD M SD M SD 

Mental Demand 11.2 4.48 13.57 4.86 8.97 5.02 12.54 5.23 

Physical Demand 3.43 3.66 5.36 5.26 2.26 2.69 2.95 4.13 

Temporal Demand 9.45 5.01 14.45 4.59 6.82 4.65 13.1 5.73 

Performance 11.55 5.16 9 5.18 10.18 6.18 9.05 6.28 

Effort 11.61 4.45 13.8 4.21 8.79 5.26 12.10 5.09 

Frustration 9.8 5.87 11.43 6.02 10.82 5.74 11.97 5.29 

Total 57.05 14.98 67.61 16.51 47.85 14.29 61.72 17.73 
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Figure 75 – TLX scores for DW and GIST. 95% CI 

indicated. 

Figure 76 – Bedford scores for DW and GIST. 

95% CI indicated. 

9.4 Discussion 

9.4.1 Hypothesis 1. Subjective usability would be affected by the interface 

Brief Results Summary: Participants rated GIST higher than DW for subjective usability using the 

SUS scale. This supports the hypothesis.  

The increased SUS score supports previously seen results that usability could be improved through 

a holistic consideration and integration of system functionality (Hall, 2012) and implementation of 

appropriate levels of automation (Calhoun et al., 2013). It also supports previous experiments that 

found improvement in usability when using EID (Behymer, 2017; Tran, Hilliard and Jamieson, 2017; 

King, Read and Salmon, 2022). However, while GIST was rated higher overall, it was not rated most 

favourably in all component questions for the SUS, see Table 27. This provides avenues to explore 

for future usability improvements. This is in line with a study conducted by Burns, Kuo and Ng 

(2003), which yielded performance improvements, but participants gave feedback that future 

iterations could be tweaked to improve usability. GIST was rated less favourably for question 6 

(inconsistency) and question 9 (confidence). Inconsistency in the interface could have increased 

task completion times, as has previously been observed with ecological displays (Mazaeva and 

Bisantz, 2014). This would suggest that an area of future development for GIST would be to increase 

interface consistency. However, it has been argued that seeking a completely consistent interface 

may not be appropriate when there is a focus on tasks that users complete (Grudin, 1989). Bennett 

et al. (2011) argue that consistency could allow operators to bypass information processing limits, 

utilising Skill-based Behaviour as much as possible, arising from homogenous expected responses 
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in relation to associated triggers (Rasmussen, 1983; Rasmussen and Vicente, 1989). They further 

argue that valuable consistency arises from creating “consistent mappings between interface 

representations and functional properties of the task situation”. In the context of GIST, this suggests 

that future iterations should seek to ensure consistent tooling for similar tasks. An example of this 

would be the utilisation of speedstrips, trials, and the course and speed circle tools to create 

solutions. They all have the same goal but have different interaction methods. While they were 

designed to address different objectives to meet the overall goal of solution entry, it could be 

beneficial to remove interaction discrepancies in joint objectives. 

The need for improving consistency might have also affected participant responses to the 

confidence question of the SUS. It is proposed that participant confidence was diminished for the 

use of GIST in relation to its consistency. This is supported by the experiments of Schneider and 

Shiffrin (1977), who demonstrated that consistent stimuli increased task performance, suggesting 

that the inconsistency might have degraded participants’ confidence in their ability to appropriately 

use the provided functionality. This degradation might have been related to participant training, 

with them not being sure if they were using tools correctly due to inconsistent utilisation from their 

point of view. The effect of inconsistent mapping has been shown to degrade training outcomes 

(Goettl, 2006), citing (Schneider and Shiffrin, 1977). Therefore, while participants were provided 

with full training and had the opportunity to ask questions, this suggests that interface training for 

participants could be improved. Conversely, it might be possible that the interface training was 

suitable, and that participants were not sufficiently trained in the underlying concepts of Sonar and 

TMA operation, providing them with the enough knowledge to know why the tools were useful. 

Regardless of GIST showing a relative improvement, neither interface scored above the commonly 

accepted baseline of 70 (Bangor, Kortum and Miller, 2008). Though, usability is not a dichotomous 

distinction, rather a scale. Bangor, Kortum and Miller (2008) proposed an adjective style grading 

system to categorise SUS scores. GIST met the threshold for being described as “Okay” (≥ 52.01 and 

≤ 72.75), whereas DW would be in the “Poor” category (≥ 39.17 and ≤ 52.01). Conversely, Sauro 

and Lewis (2012) suggested that it might be fairer to grade on a curve, owing to the difficulty in 

achieving a top grade (GIST was graded ‘D’ for being ≥ 51.7 and ≤ 62.6, and DW was graded ‘F’ for 

being ≤ 51.7). While GIST needs further usability improvement, the literature suggests that the 

current usability difference was enough to distinguish it sufficiently as an improvement, both in 

relative terms (a simple comparison) and by categorising using aggregated data as Bangor, Kortum 

and Miller (2008) and Sauro and Lewis (2012) suggested.  
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9.4.2 Hypothesis 2. Objective task performance would be affected by the interface and 

scenario difficulty 

Brief Results Summary – Tracker Assignment: Participants assigned more trackers in GIST than they 

did in DW, with the number of trackers being significantly affected by the interface. The number of 

trackers assigned was also significantly affected by the scenario difficulty, with slightly more 

trackers being assigned in the low difficulty scenarios, see Table 28. Scenarios completed in GIST 

had a higher tracker assignment percentage, which was statistically significant, see Table 28. 

Brief Results Summary – Contact Merging: Participants completed more merges, which were more 

accurate, in GIST when compared to DW, see Table 29. Merge performance was statistically 

significantly affected by scenario difficulty; more merges were completed in low difficulty scenarios, 

and the percentage of correct merges was higher in the low difficulty scenarios. A combination of 

interface and scenario had a statistically significant effect on merge performance, with both 

measures being higher in GIST for both scenarios. 

Brief Results Summary – Solution Performance: Solutions were more accurate in GIST than they 

were in DW, see Table 30, a difference that was statistically significant. There was not a statistically 

significant difference between the scenarios, nor the interaction between scenarios and the 

interface. 

The results mostly support the hypothesis, save for solution performance, which was only affected 

by the interface used. Improvements to task performance from using GIST affirm that an EID can 

improve performance (Torenvliet, Jamieson and Vicente, 2000; Vicente, 2002; Bennett and Flach, 

2019). The experiment also confirms the results of an experiment conducted by Michailovs et al. 

(2021), who found that teams using integrated information displays based on EID principles 

constructed a more accurate tactical picture. It also shows that EID is a viable option to ensure that 

the increasing amount of data in a control room does not exceed operator capability to process it, 

a problem identified by Woods, Patterson and Roth (2002). The results are also in agreement with 

studies in various other domains that have shown an improvement when using EID, such as 

manufacturing systems (Cravens, 2021), healthcare (Shier et al., 2018; Zestic et al., 2019), driving 

(Jamson, Hibberd and Merat, 2015; Schewe and Vollrath, 2020), and air traffic control (Borst et al., 

2017). It has been stated that interactions between perceptual and cognitive processes can affect 

operator performance (Hanisch, Kramer and Hulin, 1991; Masakowski and Hardinge, 2000), as can 

overly complex screens (Coll and Wingertsman, 1990). The reduction of these factors through an 

EID approach to reduce required cognitive processing, and simplification of the screens through 

merging them into one, may have also contributed to better task performance. 
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Task performance was improved when using GIST, despite not reaching the recommended 70 

threshold for a SUS score (Bangor, Kortum and Miller, 2008). This is congruent with the result of an 

optronics study conducted by Michailovs et al. (2022), which compared a contemporary system, 

showing an image from a specific bearing, to a new design, showing all bearings at once by stacking 

five segments of the 360°; while there was not a statistically significant difference between the 

mean SUS scores (contemporary = 60.10 and new design = 65.47), the new design showed 

improvements in some aspects of performance. This also demonstrates that a new interface need 

not score ≥ 70 in the SUS to create credible improvement and supports the notion that the SUS is a 

relative scale (Bangor, Kortum and Miller, 2008; Sauro and Lewis, 2012). However, it would be 

pertinent to consider whether the different aesthetics contributed towards the usability difference, 

which Tractinsky, Katz and Ikar (2000) identified a connection between. The sole contribution of 

aesthetics to the SUS would be interesting to assess, although as GIST aimed to make both aesthetic 

and functional improvements, which are often implemented together, this could be difficult to 

substantiate with appropriate confidence to draw conclusions from within the context of the 

current study. 

The improvement in tracker assignment percentages between the two interfaces is interesting as 

both tasks are simple Rule-Based Behaviour tasks from the training (Vicente, 1999b), with 

participants being instructed to assign trackers to all sonar traces that did not already have one. 

Thus, there should have been no differences, if at all, between the number of trackers assigned 

between interfaces using the same scenario. However, the difference can likely be attributed to 

integrated sonar design and detection automation that GIST uses. Participants were required to 

switch between arrays, with only one being shown at a time, and manually find traces in the 

provided waterfalls. These traces might not have been immediately clear. Conversely, GIST had the 

option of displaying all sonar data at once, and started in this mode, with an automation feature 

that automatically located traces that should be made into contacts. If participants did not actively 

switch arrays in DW, then they would have missed up to 50% of the available trackers for a scenario 

(the counterpart trackers to the array that they were viewing, sans those in the baffles). This 

suggests that Michailovs et al. (2022), citing Posner (1980), were correct when they proposed that 

a singular screen could cause a natural attentional spotlight.  

Training is another likely causal factor, as participants did assign trackers, although some might not 

have switched arrays to check for more. While this process was covered in the training, it is a 

learning point for future studies, suggesting that reworked training might be appropriate. Taking 

the results as-is, however, supports the growing evidence that making information accessible to 

operators in an integrated or consolidated fashion can (Dominguez et al., 2006; Michailovs et al., 

2021; Michailovs et al., 2022) and does improve performance. This was demonstrated by 



Evaluation of Graphically Integrated Sonar and Target Motion Analysis 

234 

experiments trialling a Victoria class Integrated Information Display (Hunter, Hazen and Randall, 

2014), representing all 360° of optronics in one screen (Michailovs et al., 2022), tactical picture 

compilation using distributed data Michailovs et al. (2021), and colocation of Sonar and TMA 

operators (Stanton and Roberts, 2020). 

Neither interface prompted to assign trackers to traces that did not have trackers, despite them 

being core to subsequent tasks. Future iterations to GIST, or other interfaces, should seek to explore 

this, ensuring that operators are appropriately prompted or guided to perform key tasks that have 

been neglected. This would be in keeping with the EID notion of supporting behaviour at all levels 

of the SRK Taxonomy, with less experienced operators provided with more assistance. Such 

functionality would have to be implemented with considerations of an objective of EID in allowing 

operators to retain autonomy in their actions (Vicente and Rasmussen, 1992; Borst, Flach and 

Ellerbroek, 2015), ensuring that operators are not harangued into completing an action that was 

not part of their plan. Having to pay attention to an alert might also force processing into a 

Knowledge-Based Behaviour, which could increase cognitive workload, potentially degrading 

performance. Conversely, it might be appropriate to draw operators attention to certain neglected 

tasks that they could have a detrimental effect on task performance, and this could affect the 

ownship safety (Meshkati, 1991; National Transportation Safety Board, 2001; Marine Accident 

Investigation Branch, 2016). This could be achieved using alarms in increasing levels of 

intrusiveness, selecting a method suitable for the situation (Hautamaki, Bagnall and Small, 2005). 

An alternative approach could be for the automation to complete certain tasks when the operator 

is experiencing a high workload (Hou et al., 2015). Another consideration arises from how 

submarine control rooms operate, with lots of information stored in the command teams’ minds, 

especially at the command level (Dominguez et al., 2006); operators may have already completed 

a task but the interface would be unaware of this, unless operators were required to enter all 

decisions into the interface, which could increase cognitive workload and time taken to process 

information. 

As with tracker assignment performance, merge performance was better in GIST. The lower scores 

for the percentage of entities entered into a merge (% Merged) in DW likely have the same causal 

factors as the tracker assignment. Participants could have created merges from all trackers they 

assigned, but without a complete collection of trackers, these merges would only be a subset of 

entities. This is supported by the low percentage of correct merges data in DW, see Table 29, which 

could have been caused by participants incorrectly merging trackers on the same array, a 

fundamentally incorrect possibility in the scenarios. This suggests that the work domain was not 

able to be directly perceived, a goal of EID (Gibson, 1979; Rasmussen and Vicente, 1989; McIlroy, 
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2016), correctly. Consequently, operators failed to understand that they were violating a constraint 

and that their action was incorrect. 

Another possible explanation for the lower number of trackers in DW could be that participants 

switched between arrays to assign trackers but did not assign all trackers before the scenario ended 

as they were completing subsequent analysis tasks. However, this might not be the case based on 

the low percentage of merges correct for DW, as higher scores would be expected. A further 

possible contributory factor is that GIST produced explicit warning messages when merges were 

performed incorrectly (not on different arrays and/or component contacts had a sufficiently large 

bearing disparity), whereas DW did not. This provided feedback to participants, which could have 

led them to revise their merge. It is known that feedback can improve performance in submarine 

control rooms, and has been demonstrated for Sonar operators following a training program 

(Winchell, Panell and Pickering, 1976), as well as periscope operators when using training software 

(Landsberg et al., 2012; Van Buskirk et al., 2019; Schroeder et al., 2020). Furthermore, DW only 

showed physical information regarding merge correctness by showing all cuts at once. An incorrect 

merge could be determined by understanding that the cuts from the merge candidates were not 

closely aligned with each other. GIST added functional information to this process using the warning 

notes, confirming the assertion that displaying both types of information can lead to better 

performance (Torenvliet, Jamieson and Vicente, 2000; Vicente, 2002). It would be interesting for a 

future study to explore why operators appeared to not understand that the merge was uncertain 

using the cuts as a visual hint alone though, as visually showing uncertainty can improve 

performance (Kirschenbaum et al., 2014). In the context of EID theory, the cuts should have offered 

a directly perceivable hint that they did not refer to the same object. A vital consideration is that 

this study was conducted on individuals, as opposed to teams, with the latter being how work is 

completed in submarine control rooms. It is plausible that the quality control performed by the 

Sonar Controller and Operations Officer would catch these errors, see Table 13, acting as another 

layer of feedback. 

Following the trend for track management metrics (assignment and merging), solution 

performance was better in GIST. This could be explained by the difference in solution generation 

processes. DW opts for a Local Operations Plot that allows operators to place a solution anywhere 

without validation. This results in a practically infinite number of possible solutions (Cunningham 

and Thomas, 2005), which must be narrowed down by constraining known parameters, such as 

bearing and speed, to reduce available parameter permutations. This is important as cuts can 

match, but the solution can still be incorrect (DeAngelis and Green, 1992). GIST instead provides a 

drawable speedstrip that automatically calculates intersections, removing the need to perform 

manual alignment. The speedstrips location can be constrained by fixing parameters, and additional 
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tools are provided to trial solutions, see Section 8.5. It is posited both factors contributed to more 

accurate solutions in GIST, and at the very least reduced egregious solution entry by ensuring that 

solutions used actual cut data, instead of being based on where the speedstrip was placed in DW. 

Solutions being more accurate supports the positive results of previous experiments examining 

fault detection (Jamieson, 2002; Reising and Sanderson, 2004; Rechard et al., 2015), as participants 

would have been able to explore how their solutions were constrained and identify faults with how 

their solution had been entered based on the generated parameters. 

While these factors were likely contributory to the better solution accuracy in general, GIST’s 

automated solution entry for merged contacts is a stronger possibility. This functionality took 

advantage of the fact that the sensors were sufficiently offset to provide a position from 

triangulated data in merges. This was a simple implementation using two sets of intersections 

across time, and although quite accurate there is research on generating a solution using more 

advanced algorithms (Aidala, 1979; DeAngelis and Green, 1992; Lee et al., 2008; Ince et al., 2009; 

Genç, 2010; Annabattula et al., 2015; Punchihewa et al., 2022), which could improve positional 

performance further. Regardless of the accuracy of automated solution generation, it is vital to 

ensure that operators still quality-check the work to avoid automation bias, as it has been shown 

that humans monitor automated systems poorly, relying on warnings instead of manual checks 

(Mosier and Skitka, 1996; Lützhöft and Dekker, 2002). Automation checking could also allow 

operators to understand the doubt, if any, of automation output, potentially mitigating this 

automation bias (Wickens et al., 2015; Man et al., 2018). While improved accuracy is generally 

better, more accurate algorithms might yield diminishing returns past a certain point (e.g., 10- vs 

1- meter fidelity) and have no perceptible effect on the decision to stay clear of other vessels by 

sufficient distances for safety and covertness. Instead, it might be preferable to represent areas of 

uncertainty, showing where vessels could, or will, possibly be, which has shown to be effective in 

multiple studies (Dry et al., 2005). This would be aligned with the concept of EID, allowing the 

submarine command team to understand constraints on their positioning and navigation so that 

they can plan to achieve their goals. 

9.4.3 Hypothesis 3. Workload would be affected by the interface and scenario difficulty 

Brief Results Summary: There was not a statistically significant effect of interface, nor an 

interaction effect between interface and scenario, on workload. Participants rated the high 

difficulty scenarios more highly, signifying a higher perceived workload, when compared to the low 

difficulty scenarios, see Table 31 and Table 32. Thus, the hypothesis is partially supported, with 

scenario difficulty affecting workload. 
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The experiment demonstrated improved performance, although this should not be to the 

detriment of operator workload. Apart from consideration of an operator’s working conditions, 

performance is affected by workload (Yan et al., 2022), citing (Nachreiner, 1995). The subjective 

usability change is positive, with reduced workload means for GIST. The NASA-TLX results, see Table 

31 and Table 32, suggest specific workload types contributed more than others. Comparing the 

means of scenarios between the two interfaces suggests that all workload types except for 

frustration, and performance for low scenarios, were improved for GIST. This suggests that any 

future improvements to GIST should work on removing causes of frustration. This might also be 

related to the inconsistency identified using the SUS, which could have been a source of frustration 

for participants. 

A reduction in workload supports SRK literature (Rasmussen, 1983; Rasmussen and Vicente, 1989), 

EID literature (Vicente and Rasmussen, 1992; Nielsen, Goodrich and Ricks, 2007; Bennett and Flach, 

2019), and previously conducted experiments on EID interfaces (Hall, Shattuck and Bennett, 2012; 

Selkowitz et al., 2017; Calhoun et al., 2018; Schewe and Vollrath, 2020; Michailovs et al., 2021). It 

is thought that the workload benefits arose from adhering to guidelines in the EID literature. This 

includes representing the information ecologically, allowing for direct perception (Gibson, 1979; 

McIlroy, 2016), capitalising on human perception and psychomotor abilities (Dinadis and Vicente, 

1996), transitioning of cognitive tasks to perceptual tasks so that control is at the lowest possible 

level (Van Dam, 2014; Cravens, 2021), and displaying both physical and functional information 

(Pawlak and Vicente, 1996). It is proposed that these benefits have arisen from a thorough analysis 

of Sonar (Chapter 5) and TMA (Chapter 6) to understand how they could be redesigned using an 

EID approach (Chapter 8), with changes being focused on representing as much information as 

possible using the map view.  

The significant effect of scenario on subjective workload partially validates the scenario design, 

confirming that the low- and high- difficulty scenarios were perceived as such. This also confirms 

previous research where workload was an indicator of task performance for a track management 

task (Loft et al., 2018). Subjective workload only being significantly affected by the scenario 

suggests that the number of contacts is a more important contributory factor to workload than the 

interface for this experiment. This is congruent with some accident reports, where workload was a 

casual factor (National Transportation Safety Board, 2001; Marine Accident Investigation Branch, 

2016). Solutions in low scenarios being more accurate could also support this, as if participants had 

a lower workload, then they could have spent more time creating, evaluation, and refining each 

solution. As such, future work should look to further ensuring that operators are further supported 

in high workload situations. This would build on the features currently built into GIST, which were 

designed to let the operator work freely within constraints, but also to provide guidance where a 
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mistake was known to be committed. For example, participants could merge any contacts together, 

but would be warned if the merge was not correct. Potentially incorrect actions were not 

disallowed, as the system might be incorrect. This might lead to accidents if operators cannot 

override the software if required (Favarò et al., 2013). For example, the bearings on two trackers 

might be different if only one was in the baffles and its information was not being updated, but the 

merge would be correct. Submarine command teams are well versed in handling ambiguity, and 

care must be taken not to incorrectly exclude a valid conclusion that they, either as individuals or a 

team, might arrive at. 

9.5 Conclusions 

This chapter has presented a HITL study conducted to examine the effects of GIST as an EID on 

individual performance when conducting Sonar and TMA tasks with the aim of creating and refining 

a tactical picture. Three main areas of assessment were subjective usability, objective performance, 

and subjective workload, each of which had the associated hypothesis that they would be affected 

by the interface and scenario used. 

EID was selected for the design of GIST because synergies were observed between the work of the 

command team in constructing the tactical picture, and the goal of EID in making the constraints of 

a system and its environment apparent to operators (Van Dam, Mulder and van Paassen, 2008; Fay, 

Roberts and Stanton, 2019). The study was conducted to determine whether the use of EID was an 

appropriate design choice to address future challenges posed. These challenges stemmed from 

requirements for future submarine control rooms to handle more data from more sensors 

(Carrigan, 2009; Henley, Schmitt and Huf, 2013; Stillion and Clark, 2015), and the potential for more 

screens to be introduced to do so (Chalmers, Easter and Potter, 2000). While sufficient operational 

capability is currently possible, these future requirements are necessitating a step change. It was 

posited in Section 4.2 that this step change should be to EID. EID was proposed that the introduction 

of EID would improve performance compared to traditional (non-EID) systems (Vicente, 2002; 

Bennett and Flach, 2019), increase work domain transparency (Van Dam, Mulder and van Paassen, 

2008), reduce workload (Nielsen, Goodrich and Ricks, 2007), and reduce memory requirements 

(Lau and Jamieson, 2006). Therefore, this thesis has explored how EID could be implemented for 

Sonar and TMA, detailing the Cognitive Work Analyses conducted (Chapter 5 for Sonar, and Chapter 

6 for TMA) and the construction of GIST (Chapter 7). 

While previous research has shown that EID provides a reduction in workload and improves task 

completion (Borst et al., 2017; Shier et al., 2018; Zestic et al., 2019; Cravens, 2021; Michailovs et 

al., 2021; Michailovs et al., 2022), there was a need to verify this for GIST specifically. A key aspect 



Evaluation of Graphically Integrated Sonar and Target Motion Analysis 

239 

of designing for future ways of working in submarine control rooms is taking advantage of the ability 

to test ideas in facilities under robust experimental conditions. This provides early evidence for any 

benefits and provides an understanding of where improvements might be made should the design 

be taken forward. The conducted experiment has demonstrated that the benefits of EID are 

achieved when using GIST, confirming similar studies in the domain (Michailovs et al., 2021; 

Michailovs et al., 2022), and has demonstrated that a merged interface between Sonar and TMA is 

a viable option as well. 

Comparing the SUS results between the two interfaces demonstrated that there were statistically 

significant differences in favour of GIST, and that participants rated it as generally being more 

usable. However, it was not rated preferably in all SUS questions, receiving a less favourable 

response for question 6 (consistency) and question 9 (confidence). Inconsistency can increase task 

completion times (Mazaeva and Bisantz, 2014), but conversely can be appropriate when there is a 

focus on tasks (Grudin, 1989; Bennett and Flach, 2011). Consequently, tools for specific tasks, such 

as solution entry, in future versions of GIST would be reviewed to ensure that are consistent while 

still maintaining effectiveness in their use-case(s). Inconsistency in GIST might have been related to 

participants not feeling as confident using it as with DW. It has been shown that consistency can 

aid learning (Schneider and Shiffrin, 1977; Goettl, 2006), suggesting that confidence could be 

improved if consistency was improved. This would be supplemented by enhanced training, giving 

operators a more comprehensive understanding of GIST, which might also help their confidence. A 

final point is that there is still room for improvement to achieve the commonly accepted score of 

70 for being reasonably usable. 

Each objective measure of performance also showed statistically significant improvement in GIST, 

supporting literature that proposes that EID will improve task performance (Torenvliet, Jamieson 

and Vicente, 2000; Vicente, 2002; Bennett and Flach, 2019). It is congruent with other EID research 

that assessed integration (Michailovs et al., 2021) or consolidated display (Michailovs et al., 2022). 

It is also congruent with studies in other domains that demonstrated EID can improve performance 

(Borst et al., 2017; Shier et al., 2018; Zestic et al., 2019; Cravens, 2021). Moreover, the improved 

performance would have direct implications for the safety of the boat, which is a key consideration 

of submarine command teams (Mack, 2003). The improvement in all tasks would mean that 

operators had a more complete and accurate tactical picture in GIST. This is most stark when looking 

at the solution positioning, where entered solutions were just over 500 meters more accurate. Such 

large differences would undoubtably degrade ownship safety, as contacts would be perceived to 

be in a completely different location, which could detrimentally affect ownship safety if 

maneuverers were attempted using the tactical picture, creating the possibility of collisions. 
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Finally, subjective workload was shown to decrease when using GIST, supporting literature that 

states this as a benefit of EID (Dinadis and Vicente, 1996; Nielsen, Goodrich and Ricks, 2007). While 

there might be a contributing factor of the different aesthetics affecting the perception of workload 

(Tractinsky, Katz and Ikar, 2000), a decrease in workload is a positive result and could have 

improved performance (Yan et al., 2022), citing (Nachreiner, 1995). While aesthetics are likely to 

have contributed to a lower subjective workload, it is a stronger possibility that the benefits arose 

from adhering to guidelines in the EID literature, which would have yielded more substantive 

workload benefits than looks alone. This appears to be the case based on the improved task 

performance observed. Finally, a lower routine workload level suggests it would be possible that 

operators would have more capacity to handle unfamiliar and/or unexpected events that might 

negatively affect safety. 

Overall, the results of this HITL experiment have been positive and have demonstrated the benefits 

of GIST, and its underlying EID principles, using robust experimental and statistical rigor. This is the 

first step to introducing what GIST has to offer into future ways of working. The next steps would 

be to make changes based on lessons learned from this experiment, and then run a team study to 

identify how GIST affects the wider tactical picture compilation sociotechnical system.
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 Comparing Graphically Integrated Sonar and 

Target Motion Analysis to a User-Centred Design 

10.1 Introduction 

A method of designing new capabilities, including interfaces, that is gaining ground for military 

purposes is the use of operator-centred approaches (Hamburger, Miskimens and Truver, 2011), 

including workshops such as Tactical Advancements for the Next Generation (Hall, 2012; Turner, 

2017), or GV design workshops (Fay, Roberts and Stanton, 2020). These workshops involve 

operators as the final end-users to be involved in ‘blue-sky’ design exercises that yield design ideas 

that can be taken forward for prototypical development, testing, and possibly implementation. The 

inclusion of operators is a positive step, as User-Centred Design (UCD; Norman and Draper, 1986) 

methods have been shown to yield better interfaces. The inclusion of the operators also marks a 

shift from UCD alone to participatory design (Read et al., 2015b), where all parties (domain experts, 

designers, researchers) are actively engaged in the design process together (Sanders and Stappers, 

2008). However, Beevis, Vicente and Dinadis (1998) argued that it is not enough to adopt UCD 

alone. These workshops do not typically include Ecological Interface Design (EID) as a consideration, 

meaning that the operational environment and its constraints might not be fully considered, leaving 

the associated benefits of EID unexplored. While EID incorporates the user into the design process, 

it differs because it has a focus on the environment and its constraints (Ho, Dal Vernon and 

Jamieson, 2003; Kwok, 2007; Ellejmi et al., 2018). It is not contradictory to a UCD approach (Ho, Dal 

Vernon and Jamieson, 2003), rather complimentary (Howie and Vicente, 1998; Kwok, 2007), aiming 

to provide support for unanticipated events, which can be omitted from an operator only 

perspective (Lau and Jamieson, 2006). This could result in unexploited capability gains unless EID, 

or at least CWA as a precursor stage, is not also considered. Thus, it may be pertinent to include 

EID principles in these design workshops. However, previous workshops have been successful, 

meaning that any proposed inclusions should show additional value to the resultant designs to 

warrant changes to a working process. 

There is literature to support consideration of both EID and UCD, both in terms of process (Henley, 

Schmitt and Huf, 2013; Read et al., 2015b; Read et al., 2018; Revell et al., 2018; Revell et al., 2019), 

and experimental results (Ho, Dal Vernon and Jamieson, 2003; Mendoza, Angelelli and Lindgren, 

2011; Varga, Winkelholz and Traeber-Burdin, 2017). Revell et al. (2018) proposed a method called 

User Centred Ecological Interface Design (UCEID) that would incorporate both approaches, being 

best suited to application in complex sociotechnical systems where the user plays a critical role in 
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the interaction. The process was represented as a flowchart, building on successive stages of output 

to produce candidate designs for development. The general process was to conduct user research 

and apply thematic analysis, before conducting all CWA stages, and then use a design workshop for 

concept generation and development.  

The Cognitive Work Analysis Design Toolkit (CWA-DT; Read et al., 2015a; Read et al., 2015b; Read 

et al., 2018) is another option, with the design process being designed around the use of CWA to 

guide the design activities. There are multiple stages provided, although, as the name suggests, its 

utilization can be flexible and context-driven (Read et al., 2018). The stages are groups of individual 

activities or concepts that can be used to generate outputs, which can then be fed forward into 

connected process stages. Although primarily focused on CWA, Read et al. (2018) noted that it had 

been used with other methods, and could be expanded to incorporate others in the future. This 

was primarily concerned with systems-based analysis methods, although UCD could be applicable 

to the stages provided. There is growing evidence of applications of the CWA-DT (Read et al., 2016; 

Salmon et al., 2017; Beanland et al., 2018), demonstrating both its utility, but also elucidating how 

it could be used to run a design workshop. These options could both be utilised to run updated 

workshops for the design of interfaces. Although as stated previously, current user-centred 

workshop approaches have been shown to work, meaning that sound reasoning must be presented 

for change to occur. 

This brief chapter explores the differences between Graphically Integrated Sonar and Target 

Motion Analysis (GIST) and a Mashup display, created as part of a design workshop. The aim is to 

compare the interfaces to identify whether an EID could offer benefits that a UCD does not, 

providing evidence to demonstrate that military design workshops should also incorporate EID. This 

comparison was performed using data from the Human in the Loop (HITL) experiment from the 

previous Chapter, instead of its own experiment. Due to restrictions on lab access arising from the 

Coronavirus 19 pandemic, all planned interface experiments were merged into one large study 

using a repeated measures design, which was described in Section 9.2. The hypotheses for the 

comparison were as follows: 

Hypothesis 1. Subjective usability would not be affected by the interface: There would not 

be a difference in perceived usability, measured by the SUS between the interfaces, as both 

incorporated input from the user community. 

Hypothesis 2. Objective task performance would be affected by the interface and scenario 

difficulty: Task performance would be affected by the interface and scenario difficulty. 
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Hypothesis 3. Workload would be affected by the interface and scenario difficulty: 

Workload, as measured by the NASA-TLX and Bedford Workload Scale would be affected 

by the interface and scenario difficulty. 

10.2 Method 

10.2.1 Design Workshop 

The mashup interface was designed over the course of a three-day design workshop. Twenty-six 

participants, three facilitators, one technical partner, and one member of the author took part in 

the design sprint process held across three days at BAE Systems Farnborough. The participants were 

subject matter experts, being either operators or supervisors for Sonar and TMA. Participants were 

asked to provide their expertise and ideas to generate the designs. Facilitators would support 

syndicates of participants in completing this process providing relevant materials and facilities to 

do so. The technical partner answered questions about the work, including the impetus and 

expected outcomes, although it is important to note this was to ensure the interfaces afforded 

requirements rather than constrain the designs. They would also have the final say should a large 

decision arise or if syndicates were unable to make decisions. The author was to document the 

process and answer any questions about the ComTET project and the empirical data published to 

date. Again, this information was used to ground the concepts designed, ensuring they had all 

required affordances, but not to contain the designs by legacy considerations (e.g., hardware 

and/or software). 

The GV design sprint is a process for answering questions through design, prototyping, and 

customer testing (Google Ventures, 2016). It aims to remove the requirement to build and deploy 

a new product to receive user feedback, instead relying on quick prototypes from a streamlined 

process to do so. This feedback can then be used to inform future design directions. Table 33 

summarizes the process and the expected outputs at each stage. 

Table 33 – Overview of the modified GV design sprint process 

Day Task Time (Hours) Output 

1 Introduction 1.5 -- 

Lightning Talks 

1.75 Affinity maps How Might We 

Affinity Mapping 

Goal Setting 
1.25 Goal and information journey 

Information Journey 
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Day Task Time (Hours) Output 

Boot Up Review 

1.25 Material for solution sketch Idea Generation 

Crazy Eights 

Solution Sketching 1.25 Solution sketches 

2 Voting 1.5 Winners and Maybe-laters 

Rumble or all-in-one 
1.75 Storyboard 

Storyboarding 

Prototyping 2.5 Draft Prototype, Prototype 

3 Interview-based Testing 1.5 Interview notes 

Interviewing and Analysis 1.75 Guidance for improvement 

Presentations 
2 Reviewed prototypes 

Debrief 

 Day One 

Introduction (1.5 Hours). Participants were provided with an introduction to the GV design sprint 

process and introduced to individuals running the event. A brief overview of the schedule was 

provided, and all participants were introduced. Participants were requested not to let rank seniority 

impact the design process, and to leave rank at the door. To facilitate this the event prescribed a 

casual dress code. Participants were instructed that there could be no stupid ideas and that the 

primary aim of the event was to promote ‘outside-the-box’ concept development.  

Lightning Talks, How Might We, Affinity Mapping (1.75 Hours). A series of short talks were 

delivered to provide participants with a general overview of the purpose of the event and to clearly 

identify the problem space being addressed. The first talk was from a technical partner who 

described the future challenges that submarine control rooms will face (e.g., next-generation 

sensor integration) and why these must be addressed to maintain effective performance. The three 

design concept seeds to be created were also outlined: A mash-up display, an overlay display, and 

an automated sonar track management assistant. It was indicated that the integration of Artificial 

Intelligence (AI) was to be considered wherever suitable, regardless of whether it was believed that 

such capacity currently exists. Prior to the second talk, a short video was shown to participants that 

detailed the design sprint process and its overarching philosophy. The second talk was delivered by 

a submariner Officer of the Watch (OOW), who described the submarine control room from a senior 

officer’s command and control perspective. This included information concerning how the 

submarine would be commanded, decisions that must be made, and the focus on safety as part of 

the three submarine tenets (remain safe, remain undetected, complete the mission; Mack, 2003). 
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The third talk provided insights into the information flow bottlenecks identified in contemporary 

submarine control rooms as part of the ComTET project.  

The next phase saw participants split into their design syndicates (three in total) and paired with a 

facilitator who would guide them through the design process and help resolve any differences of 

opinions within syndicates. During the lightning talks, participants were asked to capture ideas on 

post-it notes, using a note-taking method called “How Might We’s”, which consisted of three 

components: 

− How: Suppose that opportunities exist 

− Might: The process might not find something 

− We: All participants should be involved 

Using this method participants generated ideas, one per note, to take forward. The ideas were 

requested to be succinct, and not too broad or narrow. Each idea was a participant’s thoughts on 

what could be explored and achieved, based on the lightning talks. These ideas formed the initial 

basis for design discussions within the syndicates. 

Ideas generated as part of the “How Might We” process were stuck on a wall, with participants 

grouping them into categories as they went. Participants were instructed not to worry if categories 

were not immediately apparent, and that overlaps, or duplication were good places to look for 

groupings. Groupings could be changed as required to create the most useful mapping, but there 

was a time limit of ten minutes. Once this time had elapsed, participants were given three tokens 

each to vote on their preferred ideas. They could vote for their own idea and could place multiple 

votes on a single idea. 

Goal Setting, Information Journey (1.25 Hours). Participants were guided by the facilitator to 

create a goal for their interface. They were instructed to keep the goal simple and could move 

relevant sticky notes around the whiteboard paper the goals were being written on. Each goal was 

written by the facilitator and discussed by the syndicate to shape its exact nature. Once overall 

goals were set, participants were asked to set success metrics that would facilitate an 

understanding of whether the interface was successful. With goal setting complete, participants 

designed an information journey. This described the process through which end-users would 

interact with the product, starting from initial engagement and carrying through to them using the 

product and any steps afterwards. 

Boot up Review, Idea Generation, Crazy Eights, Solution Sketching (2.5 Hours). At this stage of the 

process, participants started sketching out their ideas. However, before doing so they reviewed 

their progress as a group to produce a list of ideas they would like to develop further as drawings. 
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The first step was to sketch as many initial ideas as necessary and to circle their best ideas. After 

this had been completed, each participant was provided with a sheet of paper folded into eight 

sections. They were asked to create variations of their best ideas in each of the frames. They did 

not have to generate eight ideas; however, they were asked to develop at least two. Once this stage 

had been completed, participants selected their favourite idea and drew it on paper to illustrate it 

in detail. Participants were instructed to make the sketches self-explanatory but were told that 

‘ugly’ was okay, as the process should not be hindered by a lack of artistic talent. Each solution was 

to be given an encompassing, easy to remember title. 

 Day Two 

Voting (1.5 Hours). Participant sketches from the previous day were stuck to a wall. When 

participants arrived, they viewed the sketches and were given three stickers each to stick to aspects 

that they liked, to form a heat map. Once participants had had a chance to view the sketches and 

vote on the aspects that they liked they entered the speed critique phase. As a group, they 

discussed each sketch and captured standout ideas and important objections on post-it notes, that 

were subsequently stuck to the design. After the critique, the sketcher was requested to present 

their design and could highlight anything the group had missed. Requiring sketchers to present at 

the end of the critique was important as it prevented stifled feedback stemming from feelings 

towards an individual. This enabled honest feedback and a reduction of ownership biases. Finally, 

each participant was provided with a big dot sticker to vote for their favourite idea. 

Rumble or all-in-one, Storyboarding, Prototype (1.75 Hours). Should multiple sketches have been 

voted to a similar degree, the syndicate members were asked to either pick one or create a 

composite design. Each syndicate opted to include elements of highly voted interfaces into an idea 

that would be taken forward. Other interface aspects were also chosen as ‘maybe-laters’ that could 

be incorporated into future designs should they be required. Once a design idea was chosen, 

participants storyboarded their idea using whiteboard sheets mounted to a wall. Through this 

process, participants were requested to consider the information journey they had designed on day 

1. The storyboard did not have to be perfect, but complete enough to illustrate the intention and 

state of the interface at particular points in time. This would facilitate participants taking ideas 

forward and prototyping them. At the prototyping stage, participants were informed that the 

development should be realistic enough to test, but that it did not need to be in a high state of 

maturity (i.e., for operational deployment). They were informed that the prototype could be 

created using tools of their choice, such as interactive presentations, drawings, prototyping 

software, or developing an example application. To facilitate effective construction of each 

prototype, roles were assigned to each syndicate member, such as assembly, finding resources, and 
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ensuring a consistent user experience. Facilitators helped push the prototypes forward and ensured 

participants had all required resources. 

 Day Three 

Interview-based Testing, Interviewing and Analysis (3.25 Hours). Once the prototypes were 

complete, an interviewer was nominated from each syndicate to lead interviews of participants 

from other syndicates. To facilitate the interview process, a short presentation was created to 

highlight the key features of the prototype. Interviews followed a schedule created by facilitators, 

which allowed members of each syndicate to visit all other syndicates as interviewees. While each 

interview was with one individual, multiple syndicate members could join. An interview was also 

held with the technical partner to keep them abreast of the designs. In each interview, a 

demonstration of the syndicate’s prototype was provided by the interviewer. Afterwards, the 

interviewee could ask questions and provide feedback. The interviewer would also elicit feedback 

throughout. Other members of the syndicate would record any pertinent points using sticky notes, 

organising them using a matrix on a wall or whiteboard (areas of interest as rows, interviewees as 

columns). Once all interviews were completed, syndicates consolidated feedback into consistent 

themes and groupings. 

Presentations, Debrief (2 Hours). With the process completed and prototype feedback collected, 

each interface was presented to project stakeholders by the designing syndicate. Each syndicate 

prepared a presentation, with time allocated for feedback and questions. There was a general 

discussion about each interface and the practicalities of implementing them operationally. The 

interfaces typically included artificial intelligence and futuristic technology, therefore it was 

important to understand what capabilities would be required to actualise the designs and what was 

‘blue-sky thinking’. This facilitated an understanding of whether the proof-of-concept designs could 

be developed as proof-of-concept software in a suitable timeframe for testing in ComTET. Finally, 

the lead facilitator provided a debrief of the process, and thanked everyone for their time, 

concluding the design sprint event. 

 Resulting Prototype 

The design sprint process was successful and yielded three prototypes that could be taken forward 

to create proof-of-concept designs to undertake formal testing of their effectiveness compared to 

a contemporary baseline. Of these, a display known as a ‘Mashup’ was selected to take forward for 

testing, and will be described below. 

The mashup display was an interface that combined information from a variety of sensors and 

sources, utilizing artificial intelligence to assist with classification and detection. The overview 
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screen in Figure 77 would allow operators to see a combined view of sensor (Sonar, Electronic 

Warfare, Periscope, etc) data against time on the left, and tactical information on the right. A 

playback of received sonar signals was also available. The artificial intelligence could learn and flag 

previously seen signals to operators, along with a classification. Learning would be facilitated by 

information from different sensors being corroborated to provide a comprehensive signal profile. 

By including extensive artificial intelligence capabilities, it was posited that a reduction in operator 

numbers would be possible and any remaining operators would be placed into a common warfare 

branch. These operators would be supported by the AI performing tracking and classification in 

busy environments, but they retained the ability to veto any decisions or actions it made. 

Operators could see contact-specific data by selecting it from the overview, which would open the 

contact mashup page, see Figure 78. The left-hand side shows sonar and underwater data. The 

right-hand side shows a tactical picture overview and Automatic Identification System (AIS) data. 

Customisation was possible to facilitate operator work as much as possible, and predefined 

customisation options could be accessed using the buttons in the bottom left, which would 

configure the screen for common scenarios. 

The idea for the prototype was communicated to an industry company, who implemented the 

interface ready for experimentation using the ComTET facility, see Figure 79. As with GIST in 

Chapter 8, the finished product differed from the initial designs due to various factors, such as time 

and feasibility. The finished Mashup display consisted of several screens separated into tabs. Each 

displayed a selection of data that was combined from all Sonar sensors, meaning that participants 

did not have to perform any merges as these would be completed automatically. Solutions were 

entered using a calculator that accepted known solution parameters and used them to calculate 

unknown parameters. These parameters could then be shared as a solution that appeared on the 

waterfall, showing what the track would be doing if the solution was accurate, meaning that it had 

to align with the underlying data. 
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Figure 77 – A screenshot of the mashup display overview screen 

  

 

Figure 78 – A screenshot of the mashup display mashup screen 
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Figure 79 – A screenshot of the implemented mashup display 

10.2.2 Experiment 

As mentioned in the introduction, the data for this thesis was gathered in a combined repeated 

measures study owing to the Coronavirus 19 pandemic. The method for this Chapter remains 

mostly the same as described in Section 9.2, although merge performance was not evaluated as the 

Mashup automatically completed this, meaning that there were no merges to compare against.  

10.3 Results 

10.3.1 Subjective Usability – System Usability Scale 

Participants rated the Mashup (M = 56.83, SD = 21.66) slightly higher than GIST (M = 54.67, SD = 

23.11) for usability. The difference was not statistically significant, t (44) = -2.17, p = .66 (2-sided). 

The means and standard deviations for each question, and the total scores, are presented in Table 

34. 

Table 34 – Averages for each SUS question and the total score by interface, with cell shading 

representing a favourable rating for each question, based on the mean. 

 GIST Mashup 
 M SD M SD 

Q1. I think that I would like to use this system frequently 2.98 1.26 3.02 1.18 
Q2. I found the system unnecessarily complex 2.60 1.14 2.69 1.23 
Q3. I thought the system was easy to use 3.27 1.29 3.36 1.18 
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Q4. I think that I would need the support of a technical 
person to be able to use this system 2.96 1.28 2.78 1.19 

Q5. I found the various functions in this system were well 
integrated 3.47 1.20 3.60 1.00 

Q6. I thought there was too much inconsistency in this 
system 3.00 1.15 2.64 1.16 

Q7. I would imagine that most people would learn to use 
this system very quickly 3.42 1.24 3.42 1.20 

Q8. I found the system very cumbersome to use 2.64 1.16 2.78 1.13 
Q9. I felt very confident using the system 2.78 1.28 3.27 1.18 
Q10. I needed to learn a lot of things before I could get going 
with this system 2.84 1.25 3.04 1.09 

Overall SUS Score 54.67 22.85 56.83 21.42 

10.3.2 Tracker Assignment – % Trackers Assigned 

Participants assigned more trackers when using the Mashup. The percentage of trackers assigned 

was significantly affected by the interface used, F (1, 35) = 33.38, p < .001. It was revealed that 

participants assigned more trackers in the Mashup than they did using GIST, as shown in Table 35 

and Figure 80. The mean percent of trackers assigned was 90.8% (SE = .79, SD = 4.72) in GIST and 

97.67% (SE = .93, SD = 5.57) in the Mashup. There was not a significant effect of scenario F (1, 35) 

= .604, p = .44. Tracker assignment was higher when using the Mashup, across both scenarios 

completed. There was a significant interaction effect between the interface and scenario, F (1, 35) 

= 22.680, p < .001.  

  



Comparing Graphically Integrated Sonar and Target Motion Analysis to a User-Centred Design 

252 

Table 35 – Tracker percentage assignment between GIST and the Mashup for both scenarios 

Interface Scenario Mean Std. Error Std. Dev. 

95% Confidence Interval 

Lower Bound Upper Bound 

GIST 
Low 87.5 .0 .0 87.5 87.5 

High 94.1 1.57 9.55 90.9 97.37 

Mashup 
Low 100 .0 .0 100 100 

High 95.35 1.86 11.62 91.58 99.12 

  

 

Figure 80 – Tracker percentage assignment between GIST and the Mashup for both scenarios. 

95% Confidence Intervals (CI) indicated. 

10.3.3 Solution Performance – Best Solution Position Δ & Best Dead-Reckoned Position Δ 

Participants entered more accurate solutions when using GIST. The MANOVA revealed that solution 

performance was significantly affected by the interface, F (2, 15) = 18.69, V = .714, p < .001. The 

means for each metric are shown in Table 36, Figure 81, and Figure 82. Subsequent univariate tests 

revealed that there were statistically significant effects of the interface used for both the entered 

solution positions, F (1, 16) = 27.614, p < .001, and for the dead-reckoned solution positions, F (1, 

16) = 24.19, p < .001. The most accurate solution position had a mean of 36.48 meters (SE = 1.55, 

SD = 6.39) in GIST and 537.03 meters (SE = 1.33, SE = 5.48) in the Mashup. The dead-reckoned 

solutions were also more accurate in GIST (M = 38.55, SE = 1.48, SD = 6.1) than in the Mashup (M = 

601.17, SE = 1.3, SE = 5.36). Solution performance was not affected by the scenario used, F (2, 15) 
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= .72, V = .09, p = .502, nor was it affected by an interaction between the interface and scenario 

used, F (2, 15) = .21, V = .03, p = .809. 

Table 36 – Solution Performance for GIST and the Mashup 

Measure Interface Scenario Mean Std. Error 
Std. 
Dev. 

95% Confidence 
Interval 

Lower 
Bound 

Upper 
Bound 

Best 
Solution 
Position Δ 

GIST 
Low 40.49 1.79 7.39 11.74 139.6 
High 32.79 1.67 6.88 11.06 97.22 

Mashup 
Low 796.03 1.39 5.73 395.79 1,601.01 
High 362.49 1.54 6.35 145.05 905.9 

Best Dead-
Reckoned 
Position Δ 

GIST 
Low 41.77 1.77 7.29 12.48 139.81 
High 35.63 1.62 6.67 12.87 98.67 

Mashup 
Low 872.68 1.35 5.55 464.13 1,640.83 
High 414.43 1.47 6.05 184.03 933.32 

  

  

Figure 81 – Best Solution Position Δ for GIST 

and the Mashup. 95% CI indicated. 

Figure 82 – Best Dead-Reckoned Position Δ for 

GIST and the Mashup. 95% CI indicated. 

The results of the above were confirmed using further ANOVA tests as only 17 participants had 

completed all permutations. Testing with scenario as the only independent variable confirmed that 

GIST was not affected by scenario, F (2, 19) = .01, p = .928. This was also confirmed for the Mashup, 

F (2, 28) = 2.75, p = .081. 

Testing with interface as the only independent variable revealed that there was a significant effect 

of interface for the low scenarios, F (2, 24) = 16.01, p < .001. Subsequent testing showed that there 

was a significant effect of both entered position, F (1, 25) = 27.92, p < .001, and dead-reckoned 
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position, F (1, 25) = 33.03, p < .001, with solutions being more accurate in GIST. High scenarios were 

not significant, F (1, 18) = 5.09, p = .018.  

10.3.4 Subjective Workload – NASA-TLX & Bedford 

The Mashup and low difficulty scenarios had lower subjective workload. The MANOVA revealed 

that subjective workload was significantly affected by the interface used, F (2, 30) = 6.54, V = .30, p 

= .004. Subsequent univariate tests showed that there was not a significant effect of the NASA-TLX, 

F (1, 31) = 1.10, p = .30, but there was a significant effect of the Bedford, F (1, 31) = 10.72, p = .003. 

The MANOVA also revealed a significant effect from the scenario used, F (1, 30), V = .729, p < .001. 

Subsequent univariate tests showed that there were significant effects for both the NASA-TLX, F (1, 

31) = 62.14, p < .001, and the Bedford, F (1, 31) = 49.26, p < .001. There was not a significant 

interaction between the interface and scenario used, F (2, 30) = .02, V = .001, p = .98. 

Table 37 – Workload scores for GIST and the Mashup 

Measure Interface Scenario Mean 
Std. 

Error 
Std. 
Dev. 

95% Confidence 
Interval 

Lower 
Bound 

Upper 
Bound 

TLX 

GIST 
Low 48.75 2.44 13.80 43.77 53.73 

High 63.81 3.20 18.10 57.28 70.35 

Mashup 
Low 45.5 2.38 13.46 40.65 50.35 

High 61.16 3.26 18.44 54.52 67.8 

Bedford 

GIST 
Low 5.23 .53 3.00 4.16 6.31 

High 7.66 .48 2.72 6.71 8.64 

Mashup 
Low 3.69 .33 1.87 3.01 4.36 

High 6.27 .46 2.60 5.33 7.20 
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Table 38 – Means for each question of NASA-TLX 

 
GIST Mashup 

 
Low High Low High 

 
M SD M SD M SD M SD 

Mental Demand 8.97 5.02 12.54 5.23 7.55 4.09 11.66 5.07 

Physical Demand 2.26 2.69 2.95 4.13 2.75 3.60 3.93 5.36 

Temporal 

Demand 
6.82 4.65 13.10 5.73 6.16 4.01 11.46 5.57 

Performance 10.18 6.18 9.05 6.28 15.59 2.49 10.54 4.61 

Effort 8.79 5.26 12.10 5.09 8.95 4.26 11.93 4.99 

Frustration 10.82 5.74 11.97 5.29 5.57 4.04 10.63 5.25 

Total 47.85 14.29 61.72 17.73 46.57 13.42 60.15 18.78 

  

  

Figure 83 – TLX scores for GIST and the 

Mashup. 95% CI indicated. 

Figure 84 – Bedford scores for GIST and the 

Mashup. 95% CI indicated. 

10.4 Discussion 

10.4.1 Hypothesis 1. Subjective usability would not be affected by the interface 

Brief Results Summary: Participants rated the Mashup as being more usable than GIST on the SUS, 

although the difference was not statistically significant, see Table 34. This confirms the hypothesis. 

Both interfaces receiving similar usability scores is reasonable, given that they were both designed 

with user input, and therefore would reflect what they would consider to be usable in an interface. 
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While the Mashup display was rated higher, the difference was not statistically significant, 

confirming previous experiments that have assessed the difference in usability between an EID and 

a display designed around the existing human-centred guidance (Young and Birrell, 2012). This 

suggests that EID could be used in design workshops without sacrificing usability (i.e., not focusing 

solely on the user as with UCD can still produce usable designs). However, this may also be evidence 

that a common design choice between the two interfaces, such as holistic integration of system 

functionality (Hall, 2012), is the actual causal factor for the interface usability scores over the 

method used to design them. Young and Birrell (2012) also anecdotally noted that participants 

could take some time to get used to the EID, and that usability would surpass the traditional display 

once the learning curve was completed. However, this could also be true for the Mashup display, 

as the novice participants had typically not encountered or used Sonar and TMA displays before. 

This is supported by Anokhin, Ivkin and Dorokhovich (2018) testing an EID interface for a nuclear 

power plant control room, where they confirmed that the interface and its components were 

intuitively obvious to operators without additional explanation to operators. This suggests that if 

participants in the current study were more familiar with the underlying concepts, then they might 

have found the interface more understandable, and therefore more usable. However, this does not 

suggest that GIST would be ‘natural’ or ‘intuitive’ in all situations, requiring minimal training, which 

is a common misconception regarding EID (Borst, Flach and Ellerbroek, 2015). Rather the suggestion 

is that familiarity with a domain could greatly aid in the interpretation of a domain-specific interface 

(Borst, Flach and Ellerbroek, 2015). A final possible factor is that because the experiment had two 

interfaces sharing similar interaction mechanisms (DW and the Mashup), this might have 

expediated user familiarisation, and therefore increased their perception of usability. 

The results show that the Mashup was preferably rated in most (N = 6; plus one equally rated) 

questions and overall, suggesting that concentrated and more explicit involvement of the users can 

lead to a higher usability score. This study was conducted with mostly novice users, which might 

have affected usability. Grier (2013) noted in their discussion of the SUS that military users have 

specific training to be able to use interfaces for their job, and that operators tend to have an “I can 

make it work” mentality, compared to civilian technology, which is designed to be operable with as 

little training as possible. Consequently, it would be of interest for future work to evaluate using an 

expert-only cohort to determine if their training has any effect on the usability scores of both 

interfaces. For example, the novice participants in this experiment would have had to learn about 

waterfalls, the prevailing mechanism for representing Sonar data in the Mashup display, whereas 

expert users would be used to working with waterfalls as part of their job and might have found 

them more usable than the map view of GIST, a completely different representation. The potential 

for differences between subjective usability ratings between novices and experts is supported by 
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experiments that have shown the latter can pick up EID displays more easily (Borst, Flach and 

Ellerbroek, 2015), citing Jamieson (2007) and  Burns et al. (2008). Another dimension to explore 

could be between different skill levels of experts, as those with more experience might rate 

waterfall-based displays as easier to use as they can apply their knowledge easier than another 

display that requires them to expend more cognitive effort translating the representation shown 

to something which they can act on. Their interpretations of the current state of the environment 

might also be hampered as they cannot use a ‘library’ of saved Sonar waterfall patterns in their 

long-term memory to facilitate quick memory recall (Vicente and Wang, 1998; Vicente, 2001). 

10.4.2 Hypothesis 2. Objective task performance would be affected by the interface and 

scenario difficulty 

Brief Results Summary – Tracker Assignment: Participants assigned more trackers when using the 

Mashup, with there being a significant effect of interface, and an interaction effect between 

interface and scenario, see Table 35 and Figure 80. This confirms the hypothesis. 

Brief Results Summary – Solution Accuracy: Solutions were more accurate in GIST, as shown in 

Table 36, Figure 81, and Figure 82. Performance was significantly affected by the interface used, 

which also had significant effects on both components of accuracy (solution as entered, and dead-

reckoned). Solutions entered in GIST were also more accurate for both low and high difficulty 

scenarios. This confirms the hypothesis. 

Work in a submarine control room is explicitly tied to the environment in which it is operating, and 

the command team’s accuracy is fundamentally tied to this. The level of uncertainty arising from 

observing the environment predominantly via Sonar (Kirschenbaum, 2001; Roberts, Stanton and 

Fay, 2018) means that some tasks, such as range or solutions, can be completed within specified 

constraints and still be incorrect. This contrasts with other domains, such as nuclear power plant 

control rooms, where maintaining known, measurable, parameters within specified bounds can be 

sufficient to maintain correct performance across a vast majority of tasks. Instead, the command 

team relies on a process of iterative refinement, working to constraint the solution space bounded 

by constraints (Michailovs et al., 2021), to understand when their tasks have been completed 

adequately. Consequently, while a UCD approach to submarine HMI design may improve the user 

experience and completion rate of tasks such as contact designation, it does not reflect the 

awareness of constraint-driven refinement that is inherent to submarine control room work. It is 

proposed that this is a core explanation of why improved solutions were entered with GIST, as it 

provided participants with explicit representations of evolving constraints (e.g., the map view for 

spatial plotting, or contact widgets arranging themselves via bearing) to situate their tasks within. 
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This supposition appears to have been reflected in the results, with the interfaces showing stronger 

performance in the task related to their design underpinning.  

Tracker assignment is a task-based process, with operators being required to follow steps to request 

that the system follow a signal whenever something of interest is detected, and to ensure that 

trackers are added for all sensors it is available on. The contacts from these trackers are then 

required to be merged to unify the information. The Mashup removed the need operators for 

operators to achieve these tasks, automatically utilising data from all sensors for tracking. This is 

likely the cause for the higher tracker assignment percentage in the Mashup could be that 

participants only had to designate one tracker per contact, instead of assigning two trackers per 

contact (one per sensor) in GIST. This meant that better performance was easier in the Mashup as 

fewer actions were required to achieve the same result, a user-centred design decision to make. 

Future versions of GIST could incorporate user-centred ideas to improve task performance, adding 

functionality that aids operators to complete their tasks, and facilitating general workflows. While 

there was an element of this in GIST, the primary focus of EID is on the environment (Ho, Dal Vernon 

and Jamieson, 2003; Kwok, 2007; Ellejmi et al., 2018), instead of concentrating on specific tasks that 

would need to be optimised with the user in mind. This could be addressed in future workshops 

aimed at exploring how expert operators use GIST, and where improvements could be made to 

their processes, addressing an identified need to improve usability from Section 9.4.1. For example, 

whenever a tracker is assigned on one sensor, corresponding trackers are automatically added on 

all other sensors if the contact is also present. This type of thinking could be applied to other 

workshops, creating a completely new interface, and then investigating how it could be used, and 

how usage could be optimised. 

In contrast with tracker assignment, solution generation is a process heavily driven by 

environmental constraints, requiring operators to consider these to construct an accurate tactical 

picture. There is a task-based component in that operators should be periodically reviewing all 

solutions, although this only addresses scheduling, not accuracy. As operators discover or generate 

more information about contacts, this is used to constrain their solutions from near-infinite 

possibilities to those within an acceptable area of uncertainty; they are literally constraining their 

solution space on the map. This was supported in GIST by displaying all information on the map, 

supporting visuospatial resolution of bounding constraints, such as the trial mode overlay (Figure 

63 and Figure 64). This contrasts with the contemporary TMA interface, where the cuts are 

represented using cartesian coordinate space, but are displayed without a map background, other 

contacts, and other functional Information. Consequently, operators can reason visually about 

whether a speedstrip matches the provided cuts, but are still required to change screens, and/or 
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perform tasks in their head (i.e., transitioning speed from the Sonar screen to enter into TMA), to 

reason fully about solutions.  

This transmutation from a predominantly cognitive task to a perceptual task, allowing operators to 

work at the lowest possible level of cognitive control, is a key goal of EID (Van Dam, 2014; Cravens, 

2021). Solution performance being better in GIST supports the core EID premise that representing 

the constraints of an environment can lead to better performance (Torenvliet, Jamieson and 

Vicente, 2000; Vicente, 2002; Bennett and Flach, 2019). While there is limited literature in the 

maritime domain, EID exhibiting better performance than a UCD is supported by a driving 

experiment that resulted in improved performance braking performance in a braking task (Harre 

and Lüdtke, 2018; Harre, 2019). It is proposed the visualisation of Ownship’s environment as a map 

view in GIST was a key factor for the improved solution performance, as this was the biggest 

differentiator in implementation from the Mashup display. Additionally, GIST implemented solution 

trialling and entry tools (see Section 8.5) that were designed around the map view. This was 

complimented by automation solution algorithms that could enter reasonable solutions for discrete 

contacts, and highly accurate solutions for merged contacts. The Mashup display also had trialling 

tools, calculating unknown parameters from known parameters, and showed operator’s the 

resultant solution overlaid onto the waterfall. However, the waterfall does not represent range and 

there was not a predictive waterfall to show future solution state. Additionally, predictive 

information about a solution’s location until the next cut was expected was shown on the map as a 

line extending from the solution icon. Adding this information could have been beneficial, as 

including predictive information to an interface has been shown to improve performance over an 

observation or checklist approach (Agnisarman, Madathil and Bertrand, 2019). For GIST, 

participants would have been able to evaluate solution accuracy by evaluating the line, and whether 

it was possible (i.e., did not show the contact as traversing the globe in 30 seconds) and congruent 

with what they wanted to enter (i.e., “This should move more over the time period, so it should be 

edited”). 

Additionally, a lack of predictive information would have limited perception of functional 

information about the solution, which may have reduced performance. This is supported by 

previous studies that have found showing both physical and functional information yields better 

performance than either alone (Christoffersen et al., 1994; Bennett and Flach, 2019). GIST’s 

provision of functional information, supporting purposeful (functional) action (Lintern, 2006), 

would have given participants more information to understand the accuracy of their solutions, as 

they could have perceived the accuracy in the environment using the map display. Finally, the note-

based messages provided by the automation in GIST could have assisted the operator in 

determining when to make changes to the solution. Whenever the automation was asked to enter 
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a solution, it output a note that contained the results of its evaluation, see Figure 68 for examples. 

This provided additional functional information regarding how certain the automation was, and 

whether there were any components that would need manually investigating, such as confirming a 

range for contacts that were not part of a merge. While the design workshop included creating 

tools that would help create solutions in the Mashup display, better performance for solution entry 

in GIST implies that environmental representations must be considered to ensure that any designs 

optimally factor in both the user and their work environment. 

In summary, mixed performance between the interfaces suggests that each had its own strengths 

and weaknesses for facilitating tasks, correlating with the focus that either had during their design. 

The Mashup’s improved performance in the tracker assignment task appears to be reflective of its 

focus on supporting operators in completing their expected workflows and making this as efficient 

as possible. While it also introduced new capability for solution creation over the contemporary 

DW TMA interface, participants performed better in GIST, where they were provided with an 

ecological representation of their environment in the form of a map. Both interfaces improving a 

task each is a positive result, although this also means that they could have performed better at the 

other task. As the tasks are iterative and inter-related, future interfaces will be required to complete 

all tasks using the best available principles for capability design. Therefore, future versions of Sonar 

and TMA interfaces, designed in workshops or otherwise, should seek to capitalise on the benefits 

each method brings to tasks in their forte by merging them; the user-centred approach would 

ensure that operator requirements are accounted for, and an ecological approach would ensure 

that the environment can be readily perceived. 

10.4.3 Hypothesis 3. Workload would be affected by the interface and scenario difficulty 

Brief Results Summary: There was a statistically significant effect of interface, with the Mashup 

being rated better across all scenarios, see Table 37, Figure 83, and Figure 84. Subsequent 

univariate testing showed that there was only a significant effect for the Bedford. Participants rated 

the high difficulty scenarios more highly, signifying a higher perceived workload, when compared 

to the low difficulty scenarios. This confirms the hypothesis. 

In the context of EID, the Mashup display could be considered a traditional interface as it did not 

explicitly also include functional information (Bennett and Flach, 2019). The Mashup display having 

lower workload scores contradicts literature that suggests workload would decrease (Rasmussen, 

1983; Rasmussen and Vicente, 1989; Vicente and Rasmussen, 1992; Nielsen, Goodrich and Ricks, 

2007; Bennett and Flach, 2019). This also contradicts prior experimental results that have shown 

EID has a lower workload than UCD (Wu et al., 2016), or contemporary non-EID designs (Hall, 
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Shattuck and Bennett, 2012; Selkowitz et al., 2017; Calhoun et al., 2018; Michailovs et al., 2021; 

King, Read and Salmon, 2022). One possible explanation for this could be that participants required 

more familiarisation time (Young and Birrell, 2012), although this does not hold much weight by 

itself as an anecdotal observation. This could be substantiated if operators were mainly operating 

using Knowledge-based Behaviour on the Skills, Rules, and Knowledge Taxonomy, as this would 

require more cognitive workload (Ellejmi et al., 2018). This might have been the case, as solution 

entry in the Mashup display required operators to determine known solution factors using provided 

tools and use these to calculate the full solution, which is a series of activities that could be 

completed at lower levels of the taxonomy. 

In contrast, while GIST solution entry allowed for direct perception of the solution entry and 

automated the entry process in parts, a requirement to critically assess and transform visual data 

could have made the task cognitive instead of perceptual, raising workload (Van Dam, 2014; 

Cravens, 2021). This suggests that while the ecological map interaction in GIST improved task 

performance, providing operators with other non-EID methods to work with information could be 

beneficial. For example, the GIST solution trialling tool, see Figure 63 and Figure 64 in Section 8.5, 

made the trialling a perceptual task as users could determine if the solution was correct by 

comparing lines. However, less of a focus was given to how the user might achieve the task of 

identifying the component (bearing, course, range, speed) numbers to change and how much by to 

move the trial lines around. While design workshops could solely focus on the user-centred aspect 

to reduce workload for operators, it would be disadvantageous to not factor in how task 

performance could be improved using EID as well, given other literature that supports and 

evidences the workload benefits. 

10.4.4 Recommendations for Approach Combination 

The work of Read et al. (2018) and Revell et al. (2018) has demonstrated that multi-method design 

approaches can be defined and utilised. The results of this experiment offered an opportunity to 

derive recommendations for doing so, that will contribute to the discourse surrounding the 

integration of EID and UCD. 

 Signposting 

A misconception regarding EID is that the resultant displays are inherently natural and/or initiative, 

requiring minimal training (Borst, Flach and Ellerbroek, 2015). They argue that Ashby’s Law of 

Requisite Variety (Ashby, 1956) is a fundamental principle to EID’s consideration of ecology 

(Vicente, 1991a), which necessitates that effective interfaces be as complex as the domain under 

consideration. It is proposed that this can be a detrimental factor to usability for complex domains, 
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and this is corroborated by the GIST being rated lower in the SUS than the Mashup interface, 

designed around simplifying operator tasks. Expert operator participation might have increased 

perceived usability as they are very familiar with the domain (Borst, Flach and Ellerbroek, 2015). 

However, as even experienced users might not be familiar with the entire work domain and/or be 

abstracted from its underpinning constraints (Burns and Hajdukiewicz, 2004), representing the full 

work domain might have also detrimentally affected usability. The focus of UCD on effective 

usability for users (Abras, Maloney-Krichmar and Preece, 2004) could prove effective to address 

this, implementing mechanisms that provide requisite simplicity.  

Considering the work domain as an area that can be operated within, UCD could be used to provide 

“signposts” that guide users between stable conditions (i.e., between goals, or states where no 

constraints are broken) in EID interfaces. If common tasks are known, then they can be added as 

guided processes, similar to “wizards” in some complex software. Signpost identification should be 

an explicit consideration of any consideration of any EID design process. Design directions could be 

based on whether users understand the system’s state and know their action plan, prompting 

designers to focus on a particular area, see Table 39. Ensuring that they can navigate the interface 

in action terms might also help their response to events requiring time-constrained responses, as 

the system would guide them. For example, if a contact is identified as being too close to Ownship, 

a popup titled “Trigger safety procedures” could appear and prompt the user to complete steps 

associated with this. 

Table 39 – EID and UCD Focus Matrix 

 Software Support 

A pervasive criticism of the methods that could be used to inform EID and UCD is that they are time-

consuming (Stanton and Harvey, 2017; Stanton and Roberts, 2018; Revell et al., 2019; van Velsen, 

Ludden and Grünloh, 2022). Stanton and Harvey (2017) further note that the data collection 

 System Status 

Understood 

System Status 

Misunderstood 

Action Plan  

Known 

Trust the user(s), but verify through 
testing to unsure understanding and 
actions are both appropriate. 

Refine EID aspects so status is 
understood, as misunderstandings could 
lead to incorrect action plans. 

Action Plan  

Unknown 

Refine UCD aspects to facilitate user 
discovering or being signposted to what 
actions they could take based on the 
status. 

Refine EID aspects so status is 
understood. 
 
Refine UCD aspects to facilitate user 
discovering or being signposted to what 
actions they could take based on the 
status. 
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methods can be potentially disruptive to the system under investigation. This has been mitigated 

by the creation of software tools to support analysis, such as CWA tools (Jenkins et al., 2007; Hingu 

et al., 2017), and running human in the loop studies, such as Clamshell (Fay, Stanton and Roberts, 

2018). However, there is still a large amount of data collection and processing required, which 

might be a prohibitive factor in applying both methods as a cohesive whole. No matter how well-

crafted proposed approaches are, if the requisites are excessively onerous on a project’s resource 

constraints, they will not be applied. This is particularly important in this context, where a joint 

application of two methods is being advocated for, as either could be selected, and applied 

individually. 

Therefore, rather than proposing another method, it is recommended that the data collection 

aspects should be focused on for future work in combining the approaches. Similar work has already 

been explored by work in the ComTET project, where tools were delivered to automate analyses 

being conducted where possible. Future work could explore generalising these tools and making 

them available to others to accelerate their analysis activities. This could significantly reduce the 

resources required to complete analyses, potentially increasing the range of design methods that 

could be employed. Additionally, this type of software could facilitate asynchronous data collection 

from subject matter experts, increasing their participation by allowing them to provide input when 

convenient to them, as opposed to at arranged timeslots. It is acknowledged that this would likely 

incur extra effort on an analyst’s part for refining and integrating responses, although it is argued 

that this would be acceptable, within limits, to achieve higher response rates. 

Another related avenue of exploration is the extension and instrumentation of interfaces, both for 

testing and production (deployed and in-use) capability, to automate performance and feedback 

data. This could be implemented easier than in the past as there has been a shift in maritime 

platform development to move to modular, extensible, and open capability (Sea, 2005; Scott, 2006; 

Hobson, 2008; Scott et al., 2011; Smith et al., 2013; BAE Systems, 2015). Such changes are likely to 

have been implemented in other domains as well, owing to the field of software engineering driving 

these changes. By integrating human factors data collection directly into systems, it would become 

possible to collect vast amounts of data to understand them for insight generation, and done 

correctly, it would not interfere with routine operation, an issue identified by Stanton and Harvey 

(2017). Should direct integration not be possible, another approach could be the use of 

transformative tools that take existing log outputs and extract relevant data. 
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10.5 Conclusion 

This Chapter has presented the results of a HITL experiment with the aim of examining how 

interfaces created using EID and UCD approaches differed to determine if there were any potential 

benefits for inclusion of ecological design principles to the user-centred workshops that are being 

utilised for the design of new military interfaces. While UCD has benefits for interface design 

(Norman and Draper, 1986), Beevis, Vicente and Dinadis (1998) argued that it is not enough to 

adopt UCD in isolation. This is pertinent to the workshops being conducted, as UCD does not 

explicitly consider the work environment and its constraints as EID does (Ho, Dal Vernon and 

Jamieson, 2003; Kwok, 2007; Ellejmi et al., 2018). Workshops could be changed or adapted to 

incorporate joint processes (e.g., UCEID (Revell et al., 2018; Revell et al., 2019) and the CWA-DT 

(Read et al., 2015b; Read et al., 2018)). 

Considering both design approaches was supported by the results of the experiment in multiple 

ways. Firstly, subjective usability was rated quite closely between the two interfaces. This indicates 

that there would be no usability losses by not focussing completely on the operators. Perceived 

usability could change over time for GIST as an EID interface (Young and Birrell, 2012), although this 

was anecdotal, and could also be true for the Mashup, as novice participants had not encountered 

Sonar and TMA displays in any format before.  

Secondly, each interface had better performance in a specific task related to their design, and the 

task could have been improved utilising a combined approach. The Mashup performed better for 

the tracker assignment task, indicating that while GIST focused on a representation of the work 

environment to improve performance, further consideration of functionality with a user-oriented 

focus could improve performance in some tasks. Conversely, GIST had better solution performance 

that the Mashup display, which is thought to be because of an ecological approach, which could be 

incorporated into design workshops to ensure that a myopic focus on the user does not preclude 

consideration of their work environment. A combined approach between the two for the design of 

future Sonar and TMA interfaces could lead to better task performance than ether in isolation.  

The third and final reason for support of a combined approach came from the workload scores, 

where the Mashup was rated better. This contradicted previous literature where EID has been 

shown to improve workload. It was though that the increase in workload stemmed from capability 

being designed around interpreting the environment, with some tasks in GIST forcing higher 

cognitive workload as a result. With UCD and EID both having been shown to lower workload 

compared to each other, in addition to interfaces designed without them, it would be pertinent to 

consider both approaches in tandem when conducting future workshops. 
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The design, implementation, and evaluation process of GIST has been described throughout the 

thesis, although the focus on EID could leave potential adopters querying the benefits when 

compared to UCD workshop approaches that have become commonplace in the design of military 

interfaces. This chapter addressed this, comparing and contrasting the difference between two 

interfaces designed using differing approaches. It demonstrated that either approach alone did not 

yield better performance in all areas, and that a mixed approach could be beneficial for future 

designs to merge the strengths of both approaches.
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 Conclusions 

The aim of this thesis was to explore whether Ecological Interface Design (EID) would be a suitable 

design paradigm to employ in future submarine control rooms, and how the associated design 

process from Cognitive Work Analysis (CWA) could be framed within the context of eventual 

software development efforts. There was a focus on Sonar and Target Motion Analysis (TMA) as 

key components of the tactical picture process (Stanton and Roberts, 2018), a key aspect of 

maintaining ownship safety (Mack, 2003). This chapter will summarise the work in this thesis, 

explain its significance, and finally propose future work that could be of interest for future research 

endeavours. 

11.1 Summary of Work 

This research had three key objectives, which are presented below, along with how they have been 

met. 

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

There was a paucity of consolidated and comprehensive operation regarding how submarine 

control rooms operate that could be used to make informed decision decisions as part of this thesis. 

Previous literature had addressed specific aspects of operation, such as the application of Cognitive 

Work Analysis (Stanton and Bessell, 2014) or Event Analysis of Systemic Teamwork (Stanton, 2014) 

to the process of a submarine returning to periscope depth. Other work provided overviews of how 

submarine control rooms operated, contextualised by the work that was being presented (National 

Transportation Safety Board, 2001; Bisantz et al., 2003; Mansell, Tynan and Kershaw, 2004; 

Arrabito, Cooke and McFadden, 2005; Ince et al., 2009; Kirschenbaum et al., 2014; Marine Accident 

Investigation Branch, 2016; Michailovs et al., 2021; Michailovs et al., 2022). However, there 

remained a need to synthesise this information into a holistic overview of how tactical picture 

compilation worked on submarines.  

Chapter 4 addressed this, highlighting the complexity of the work that submarine command teams 

conduct, but also the amount of uncertainty they must account for. The submarine control room is 

a complex sociotechnical system, owing to the combination of highly trained operators and 

advanced technology working together in a goal oriented manner (Ly, Huf and Henley, 2007; Walker 

et al., 2008; Stanton, 2014; Stanton and Bessell, 2014). This was accounted for, detailing the role of 

the social and technological agents in creating a tactical picture. It was noted that some agents, 
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such as the Officer of the Watch, face challenges as part of this in managing the amount of data 

that must be aggregated (Dominguez et al., 2006). Breakdowns in the flow of information, 

degrading tactical picture accuracy, have been identified as causal factors in accidents (National 

Transportation Safety Board, 2001; Roberts and Tadmor, 2002; Marine Accident Investigation 

Branch, 2016), confirming that a poorly performing subsystem can negatively affect an entire 

system (Meshkati, 1991). This review of control room operation and associated problem 

contextualised the subsequent case for application of EID to Sonar and TMA. This necessitated a 

CWA to be undertaken as a formative assessment (how work could be conducted; Naikar, 2013; 

Stanton et al., 2013; Stanton et al., 2017a), building on the understanding of how work should be 

conducted from Chapter 4. Individual stages of CWA can be chosen depending on analysis 

requirements (McIlroy and Stanton, 2015b). Therefore, two stages of CWA were chosen as they are 

directly associated with EID (Vicente and Rasmussen, 1988;1990; Burns and Hajdukiewicz, 2004; 

Jenkins et al., 2009).  

Chapter 5 explored the Sonar CWA in detail, presenting how the system is currently used to 

contextualise formative recommendations for redesign, which were summarised in Table 17. There 

was a focus on the waterfall, which is an enduring and prevailing component of most, if not all, 

modern sonar systems (Chen and Burns, 2007), citing from (Waite, 2002). This is thought to be 

because of the information density it provides, along the interpretability of this information. 

Consequently, the waterfall was identified as a leverage point, a concept proposed in the CWA 

Design Toolkit (Read et al., 2018). Read et al. (2018) describe leverage points as system aspects that 

could yield large system changes through small changes to aspect being considered. While 

common, the waterfall is not without issue, and it was posited that the difference between its 

perceptual form and what it represented may cause an increase in cognitive workload (Hanisch, 

Kramer and Hulin, 1991; Masakowski and Hardinge, 2000). This is important because more sonar 

data is being provided to operators (Dominguez et al., 2006; Gosling, 2008; Defence Equipment and 

Support, 2010; Jacobus, Yan and Barrett, 2012; Smith et al., 2013), and the increased amount could 

exceed an operators ability to process it or exceed their working memory capacity (Mason et al., 

1989; Woods, Patterson and Roth, 2002). Consequently, recommendations were focused on 

improving the ecological validity of the sonar data, transitioning processing of the waterfall data to 

a perceptual task where possible so that operators could operate at the lowest possible level of 

cognitive control (Van Dam, 2014; Cravens, 2021). Additionally, while multiple screens could create 

a natural “attentional spotlight”, multiple screens require operators to store more information in 

working memory (Michailovs et al., 2022). Consequently, another theme for insights was to remove 

the working memory load required to work between screens and information representations, 

creating a single-screen representation of the data required. 
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Chapter 6 explored the TMA CWA in detail, presenting how the system is currently used to 

contextualise formative recommendations for redesign, which were summarised in Table 20. The 

Local Operations Plot was chosen as the leverage point to investigate. It was also considered as a 

pain point from the CWA Design Toolkit, defined as problems or issues that represent user 

frustration, conflicting goals, or information bottlenecks (Read et al., 2018). This was because 

interaction with the speedstrips can be cumbersome for operators and hamper solution entry 

efforts. The Local Operations Plot is a prevailing method of entering solutions (Clarke, 1999), and a 

component of combat systems (a superset of TMA functionality, and actual systems used onboard). 

With newer combat systems, such Submarine Combat System – Next Generation (BAE Systems, 

2015) or Aegis Weapons System (Threston, 2009), becoming more capable, there is a drive to 

introduce more automation, which could reduce error by reducing cognitive workload (Breton and 

Bossé, 2003). This is especially pertinent as the role combines information from around the control 

room, which may overload operators, especially if solution possibilities remain large. However, any 

automation added should ensure that operators remain ready to step in when the automation fails 

or is incapable of undertaking the task at hand (Bainbridge, 1983). These findings led to proposing 

that more automation should be introduced into the TMA system as it is predominantly a 

computational process (Punchihewa et al., 2022). This has led to multiple algorithms being created, 

although it would be inappropriate to remove operators completely from the process as they are 

required to process ‘soft’ data (Punchihewa et al., 2022). Furthermore, an operator’s capability to 

improvise might outperform automation solutions (Chalmers, Easter and Potter, 2000; Van Dam, 

Mulder and van Paassen, 2008), meaning that they should be included in the solution generation 

process. The automation could offer varying levels of support for operators working at each level 

of the Skills, Rules, and Knowledge Taxonomy. Introduction of automation to tactical picture 

compilation has been observed to be beneficial to task performance and workload, although 

impaired non-automated task performance (Tatasciore et al., 2020). However, subsequent 

increases in the degree of automation did degrade performance any further (Tatasciore et al., 2018; 

Tatasciore et al., 2020). This would suggest that as much automation should be introduced as 

possible, although Tatasciore et al. (2022) observed that automation failure detection was 

degraded with higher levels of automation. Therefore, it was proposed that operators be provided 

with automation tools that complete specific tasks, which would not require monitoring over a long 

period of time. This would build on top of the introduction of automating the solution entry to 

remove cumbersome interaction that had been identified as part of the analysis, freeing cognitive 

workload capacity for generating solutions, instead of expending unnecessary cognitive effort 

entering them. 
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11.1.2 Objective 2: Creating a documented analysis and design process, considering software 

engineering 

The process for designing GIST has been documented throughout this thesis, with each part building 

on the last to present a detailed methodological account of how EID was applied to Sonar and 

Target Motion Analysis. Section 11.1.1 provided a detailed account of the steps taken in Chapter 4 

(research the domain), Chapter 5/Chapter 6 (generating design recommendations from the Sonar 

and TMA Cognitive Work Analyses), which relate to other parts of the process that have been 

documented in this thesis. Consequently, only these parts will be presented in this section to avoid 

repetition. 

Method selection is an important part of any design process, and the selection of EID was robustly 

justified. Chapter 2 presented the theoretical underpinnings of EID, which included two stages of 

Cognitive Work Analysis, Work Domain Analysis and Worker Competencies Analysis, and the Skills, 

Rules, and Knowledge Taxonomy. This was used as a base for this thesis, identifying and exploring 

the necessary theory to support the arguments made and conclusions drawn. Next, the argument 

against using User-Centred Design (Norman and Draper, 1986; Norman, 1988) in this instance was 

presented. While User-Centred Design is a widespread design approach (Vredenburg et al., 2002), 

a lack of explicit focus on the environment and its constraints might lead to them being omitted 

from created designs. This omission was shown to be unsuitable in Section 4.1, which explored how 

work is conducted in a submarine control room, demonstrating that a core aspect of work is 

understanding their working environment and its constraints through a tactical picture. This 

contextualised Section 4.2, where this synergy was highlighted as an argument for using EID for 

Sonar and TMA. Finally, User-Centred Design was revisited in Chapter 10, where GIST was compared 

to a Mashup display. The results of Chapter 9 and Chapter 10, which will be discussed in more detail 

in Section 11.1.3, demonstrated that while EID does yield benefits over contemporary designs for 

both Sonar and TMA, there is still room for improvement, which could be enacted using a joint 

User-Centred Design approach. This has implications for current defence design workshops, which 

use a User-Centred approach (Hamburger, Miskimens and Truver, 2011; Hall, 2012; Turner, 2017; 

Fay, Roberts and Stanton, 2020). Based on the results of the conducted human in the loop 

experiment, it was proposed that future design endeavours should be taking a joint methodological 

approach, including EID in future workshops, as opposed to the User-Centred only approach that is 

currently utilised. 

Chapter 3 documented the creation of a taxonomy of constraints that could be used for Work 

Domain Analyses, with possible use cases presented in Section 3.5. It was created to formalise the 

learning that was provided by being apprenticed to an expert, a common method of learning 
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Cognitive Work Analysis (Naikar, Hopcroft and Moylan, 2005), when creating the abstraction 

hierarchies for Chapter 5, Chapter 6, and Chapter 7. It was recognised that not all companies 

seeking to use the methods applied within this thesis will have access to a Cognitive Work Analysis 

expert, and therefore a literature-driven taxonomy of constraints that should be explored and 

accounted for would be aspect of the process to document. The checklist of constraint categories 

is useful in itself, and can also be combined with the works that describe prompts to elicit 

information (e.g., Naikar, Hopcroft and Moylan, 2005; Jenkins et al., 2009; Read et al., 2016) to 

systematically approach an analysis. However, the taxonomy was also presented in a linked form, 

showing how the different categories interconnect. By documenting this, future practitioners could 

direct their attention to categories that are linked to those already found, but have limited, or no, 

constraints within them. 

Linking EID to software engineering was also explicitly explored and addressed at different points 

throughout the thesis. Chapter 8 explored the design (Section 8.2) and implementation (Section 

8.3) stages, considering contemporary software practices. This is important as while there is 

substantial literature on creating the frontend design (e.g., Burns and Hajdukiewicz, 2004; 

Hajdukiewicz and Burns, 2004; Upton and Doherty, 2008; Read et al., 2018) there is very limited 

literature on considering the backend (e.g., Wells et al., 2011; e.g., Oosthuizen and Pretorius, 2018), 

and a dearth of literature that considers both (e.g., Dhukaram and Baber, 2016). If EID is to move 

from simulator studies to production instances, it is vital that research in the domain further 

explores how this will be achieved. While the frontend and backend of software are separate, they 

are intertwined, and given that parallels have been drawn between software engineering systems 

analysis artefacts and Cognitive Work Analysis, it is pertinent that EID approaches should start 

considering both aspects, especially if there is an eventual end-goal of real-world implementation; 

duplication of work for the front- and back- end, especially where convergence has been clearly 

identified is intolerable for time and cost reasons for companies, and can contrast with established 

development principles such as agile. 

The work in Chapter 7 sought to address this for the frontend by adapting the approach of seminal 

approach of Burns and Hajdukiewicz (2004) to be object-oriented, a key design principle of modern 

software development. This change was deliberately aligned with backend implementation 

principles, allowing work to be shared between the two, and to streamline development. Another 

key modification was to explicitly account for the uncertainty faced by command teams (Hunter, 

Hazen and Randall, 2014), relating to the challenge of sensor uncertainty identified by Vicente 

(2002). The challenge of uncertainty is especially pertinent in submarine control rooms (Dry et al., 

2005; Hunter, Hazen and Randall, 2014; Kirschenbaum et al., 2014), making it a priority to address 

in any documented methodology. The backend method in Section 8.3, proposed that the objects 
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and associated properties identified from the design could serve as a base for the underlying 

software design. However, modern software does not all rely on explicit designs, and some 

approaches, such as agile, might not use formal modelling methods. An example of this is when 

changes are made to an existing system, which would not require formal modelling to take place, 

rather the changes could be made directly in the code base by a software engineer familiar with 

the code. Therefore, it was proposed that the WDA be directly used to create or extend the agile 

backlog for software engineering teams, allowing them to structure their work as desired. 

11.1.3 Objective 3: Assessment of a novel Sonar and Target Motion Analysis HMI 

The final objective was to assess the created EID interfaces for Sonar and TMA to determine if they 

yielded the improvements that were presented in the EID literature, such as increased usability 

(King, Read and Salmon, 2022), improved task performance (Vicente, 2002), and reduced cognitive 

workload (Lau and Jamieson, 2006; Nielsen, Goodrich and Ricks, 2007). When commencing this 

thesis, the plan had been to create two new EID interfaces, one each for Sonar and TMA. However, 

the Cognitive Work Analyses conducted for Sonar (Chapter 5) and TMA (Chapter 6) suggested that 

a combined interface would be the best approach to take for their redesign. Only one interface, 

GIST, was designed as a result, allowing operators to conduct tasks from both roles. Consequently, 

experiments in this thesis assess participants completing the tasks of both roles. Regrettably, the 

Coronavirus-19 pandemic affected the planned human in the loop studies, and therefore they were 

merged into a single experiment using a repeated measures design. A study with individuals was 

chosen to avoid a confounding effect of changing a key aspect of the control room sociotechnical 

system. 

Before completing any human in the loop study examining the interfaces in the ComTET simulator, 

it was vital to ensure that results could be reasonably be expected to be applicable to real-world 

environments. Chapter 7 presented a comparison of the ComTET abstraction hierarchies against 

those created during a study at HMS Drake’s Talisman trainer to compare the two work domains, 

following the approach of similar to the approach taken by Burns, Bisantz and Roth (2004) and St-

Maurice and Burns (2018). The comparison was contextualised among other work looking to 

validate the simulator, conducted by other members of the ComTET project team (Roberts et al., 

2020), and beyond the scope of this thesis. The comparisons focused on establishing functional and 

physical fidelity for the versions of Sonar and TMA used in ComTET, which would serve as the 

baseline interfaces. It was revealed that the ComTET Sonar and TMA HMIs could be comparable to 

their real-world counterparts, although they only contained a subset of functionality and capability, 

in line with their status as an experimental research facility, compared to Talisman being a high-

fidelity trainer. 
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Chapter 9 examined the differences between contemporary interfaces and GIST as an EID. It was 

hypothesised that usability, task performance, and workload would be affected. The results were 

promising for further exploration of EID in a submarine control room for Sonar and TMA, with all 

hypotheses being supported by the data, and in favour of GIST. Subjective usability was significantly 

higher in GIST, confirming previous studies where an improvement was found (Behymer, 2017; 

Tran, Hilliard and Jamieson, 2017; King, Read and Salmon, 2022). Potential avenues for further 

usability improvement were identified, focusing on addressing inconsistency and operator 

confidence, as these questions were rated in favour of the contemporary interface. This need for 

improvement was highlighted by the absolute SUS score. While a significant relative improvement 

was identified, GIST’s score still fell below the commonly accepted baseline of 70 (Bangor, Kortum 

and Miller, 2008), demonstrating that there is room for continued improvement. However, it was 

noted that usability is a scale, not a dichotomy, meaning that meeting or exceeding the threshold 

would not automatically guarantee usability in all circumstances.  

Objective task performance was shown to be better in GIST, with participants assigning more 

trackers, having improved merge performance, and assigning more accurate solutions. This 

confirmed the results of previous experiments which have shown EID can improve task 

performance (Jamson, Hibberd and Merat, 2015; Borst et al., 2017; Shier et al., 2018; Zestic et al., 

2019; Schewe and Vollrath, 2020; Cravens, 2021), and confirmed results from a domain-specific 

study by Michailovs et al. (2021). It was proposed that the principles of EID contributed to the 

improvements. This included a reduction of cognitive workload, transitioning to perceptual 

workload, by integrating information, a common approach for military EID designs (e.g., Hunter, 

Hazen and Randall, 2014; Michailovs et al., 2021; Michailovs et al., 2022). Another key factor was 

representing all data on a map-based display, which was posited to have made constraints affecting 

merges (i.e., sources should have the same bearing, but different sensors) directly perceivable, a 

key goal of EID (Gibson, 1979; Rasmussen and Vicente, 1989; McIlroy, 2016). Additionally, making 

broken constraints more visible to the operator when entering solutions, a factor which was has 

been shown to improve fault detection performance in previous experiments (Jamieson, 2002; 

Reising and Sanderson, 2004; Rechard et al., 2015). Incorrect solutions could still be entered, there 

were several cues to inform operators that their solution was likely incorrect, prompting them to 

update it. While an updated solution that matches the data can still be incorrect (DeAngelis and 

Green, 1992), based on a practically infinite number of solutions without sufficient constraining 

data (Cunningham and Thomas, 2005), encouraging operators to enter plausible solutions reduced 

the possibility of misplaced contact detrimentally affecting ownship safety. The additional 

information for solutions was functional information, which has been shown to improve task 

performance (Torenvliet, Jamieson and Vicente, 2000; Vicente, 2002). Other functional information 
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was also included in GIST, such as a predictive waterfall, allowing operators to directly perceive a 

contact’s future state. 

Finally, subjective workload was shown to have improved when using GIST, although this was non-

significant. There was a significant effect of scenario observed, however, validating that the low- 

and high- difficulty scenario designs were perceived as such by the participants. A workload 

reduction in GIST supported SRK literature (Rasmussen, 1983; Rasmussen and Vicente, 1989), EID 

literature (Vicente and Rasmussen, 1992; Nielsen, Goodrich and Ricks, 2007; Bennett and Flach, 

2019), and previously conducted experiments on EID interfaces (Hall, Shattuck and Bennett, 2012; 

Selkowitz et al., 2017; Calhoun et al., 2018; Schewe and Vollrath, 2020; Michailovs et al., 2021). As 

with the improved task performance, it was posited that the reduction in workload arose from GIST 

focusing on a map-based view of the information to facilitate direct perception, and therefore 

reducing cognitive demand to the lowest level required on the Skills, Rules, and Knowledge 

Taxonomy (Gibson, 1979; Dinadis and Vicente, 1996; Van Dam, 2014; McIlroy, 2016; Cravens, 

2021). 

Chapter 10 examined the differences between GIST and a User-Centred Design, which was called a 

Mashup display. It was hypothesised that task performance and workload would be affected, but 

that usability would not be affected. This was because both had been designed with the user as a 

core consideration, so it was proposed that usability would be rated similarly, although task 

performance and workload would differ due to the methods used to create the interfaces (EID and 

User-Centred Design). The first hypothesis was supported by the data, with no significant difference 

between the SUS score for each interface, following the same pattern as previously observed when 

comparing a User-Centred Design to an EID (Young and Birrell, 2012). The Mashup display was rated 

slightly higher though, which could be explained by the focus on usability arising from its creation 

in a design workshop (see Section 10.2.1). 

The Mashup display showed significantly improved tracker designation over GIST. It was proposed 

that this was because the merged display of sensor data only required participants to designate half 

of the trackers they would be required to in GIST. This is an example of usability improvements that 

could be made, as recommended in Section 9.4.1, as GIST was designed to make the environment 

and its constraints directly perceivable using an EID approach (Ho, Dal Vernon and Jamieson, 2003; 

Kwok, 2007; Ellejmi et al., 2018). While user feedback was incorporated into GIST’s design, this does 

not preclude further improvements being made. The merged sensor display removed the capability 

to adequately compare merges, as this was not a task that could be completed in the Mashup 

display. GIST had significantly better solution accuracy, supporting the argument that displaying the 

constraints of an environment can lead to better performance (Torenvliet, Jamieson and Vicente, 



Conclusions 

275 

2000; Vicente, 2002; Bennett and Flach, 2019). It was posited that this was a key differentiating 

factor between the two interfaces, as they both contained trialling tools, calculating unknown 

parameters from known parameters, and showed operator’s the resultant solution overlaid onto 

the waterfall. However, GIST represented additional functional information in the form of the map-

based view, allowing purposeful (functional) action (Lintern, 2006), and the predictive waterfalls. 

Presentation of physical and functional information has been shown to improve performance 

(Christoffersen et al., 1994; Torenvliet, Jamieson and Vicente, 2000; Vicente, 2002; Bennett and 

Flach, 2019), as has showing predictive information over an observational or checklist approach 

(Agnisarman, Madathil and Bertrand, 2019). Finally, subjective workload was significantly improved 

when using the Mashup display. This contradicted prior experimental results that have shown EID 

has a lower workload than User-Centred Design (Wu et al., 2016), or contemporary non-EID designs 

(Hall, Shattuck and Bennett, 2012; Selkowitz et al., 2017; Calhoun et al., 2018; Michailovs et al., 

2021; King, Read and Salmon, 2022). One possible reason for this was an increase in familiarisation 

time that might be required for GIST as an EID (Young and Birrell, 2012). However, it was proposed 

that the increase in workload was because participants were required to work using Knowledge-

Based Behaviour on the Skills, Rules, and Knowledge Taxonomy (Ellejmi et al., 2018). This was 

because while GIST utilised a map-based representation of the environment, some of the tools 

provided might have required cognitive, instead of perceptual, work when using them, increasing 

workload (Van Dam, 2014; Cravens, 2021). By contrast, as a simplification of the actual process, the 

Mashup tools required text entry, which showed visual output on the waterfall, only requiring 

participants to use perceptual cognition to determine whether two lines were aligned. 

11.2 Contributions 

This thesis has made theoretical, methodological, and practical contributions. They are presented 

in this section, explaining their rationale and what they add to existing knowledge. 

11.2.1 Theoretical  

 Confirmation of Constraints Across the Literature 

Constraints are a core component of Cognitive Work Analysis and Ecological Interface Design, 

bounding work within a system within which activity can take place (Vicente and Rasmussen, 1988; 

Borst, Flach and Ellerbroek, 2015). As EID can be applied to a wide variety of systems, there are a 

multitude of constraints that might have to be considered to apply these methods. Prior literature 

has addressed this through prompts to elicit constraints (Naikar, Hopcroft and Moylan, 2005) and 

examples of constraints discovered in analysis walkthroughs (Jenkins et al., 2009; Stanton et al., 
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2017a). However, they did not present a holistic overview of what constraints have actually been 

found in the literature across all domains, and how these categories interacted. This presented two 

issues, which were addressed by the taxonomy of constraints in Chapter 3. Firstly, while the list of 

prompts by Naikar, Hopcroft and Moylan (2005) were comprehensive, without analysis of EID 

literature, it was not possible to confirm that they were exhaustive. Performing a systematic 

literature review to identify all constraint found from EID applications addressed this, creating 

twenty categories of constraint that have been observed in the literature. Secondly, previous 

treatments did not fully explore how categories of constraint might be related, despite these 

interactions being acknowledged in the literature (Burns, Bisantz and Roth, 2004; Bennett and 

Flach, 2011). The taxonomy addressed this by applying Social Network Analysis to reveal which 

categories of constraint were linked and how strong the links were. By addressing these issues, the 

taxonomy contributes to future theoretical discourse by providing a concrete literature-backed 

assertion of the types of constraints that sociotechnical systems have been assessed to exhibit, and 

how these constraints are connected.  

 How Submarine Control Rooms Operate and Why Ecological Interface Design is Suitable 

for Sonar and Target Motion Analysis 

EID, or its principles, have been applied to the maritime domain before (Burns, Bryant and 

Chalmers, 2000; Chalmers, Easter and Potter, 2000; Burns, Bisantz and Roth, 2004; Burns, Bryant 

and Chalmers, 2005; Dry et al., 2005; Chen, 2007; Ly, Huf and Henley, 2007; Hunter, Hazen and 

Randall, 2014; Michailovs et al., 2021). There was also literature that provided an understanding of 

aspects of how submarine control rooms operate (Murphy, 2000c; Arrabito, Cooke and McFadden, 

2005; Baggeroer, 2005; Dominguez et al., 2006; Matthews et al., 2006; Carrigan, 2009; Hamburger, 

Miskimens and Truver, 2011; Kirschenbaum et al., 2014; Stanton, 2014; Stanton and Bessell, 2014; 

Philippe et al., 2016; Michailovs et al., 2021). However, there was not a consolidated, holistic, 

overview of how the submarine control room sociotechnical system operated with regards to 

tactical picture compilation, including how the interfaces of Sonar and TMA were used to facilitate 

this. Furthermore, there was little explicitly highlighting how this operation made them especially 

suitable for the application of EID, especially for Sonar and TMA. This was addressed by Chapter 4, 

published as Fay, Roberts and Stanton (2019), which presented the work of submarine control 

rooms in Section 4.1, and used this to contextualise the case for the application of EID in Section 

4.2. This argument was based on a need to move from an evolutionary approach to design, which 

has unnecessarily retained legacy constraints, to enact a step change that ensures the challenges 

of future requirements can be addressed. These challenges include maintaining or reducing crew 

sizes (Masakowski, 2000; Ly, Huf and Henley, 2007; Stanton and Roberts, 2018), processing larger 

volumes of data from improved or new sensors (Chalmers, Easter and Potter, 2000; Duryea, 
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Lindstrom and Sayegh, 2008; Roberts, Stanton and Fay, 2015), and utilisation of more displays 

(Chalmers, Easter and Potter, 2000). An evolutionary approach, driven by a need to maintain 

training readiness (Hall, 2012), reduce cost as well as risk (Gosling, 2008), and onboard factors 

(Defence Equipment and Support, 2010), has previously worked to address these challenges. 

However, enhanced capabilities of modern combat systems are necessitating consideration of new 

designs to ensure that submarine control rooms remain at the vanguard of capability. By proposing 

EID for this step-change and presenting an in-depth case of why, linked to the underlying theory, 

future work can use and modify this theoretical contribution as a robust justification for utilising an 

ecological approach to submarine control room system design. 

11.2.2 Methodological 

 Taxonomy of Constraints 

The taxonomy of constraints presented in Chapter 3 has enhanced the method for conducting 

analysis using Cognitive Work Analysis, with a focus on Work Domain Analysis. Previously, this was 

either achieved by practitioner experience, being apprenticed to a Cognitive Work Analysis expert, 

exploration with a domain expert, and/or using the prompts provided by Naikar, Hopcroft and 

Moylan (2005). However, there was no literature that provided a systematic overview of constraints 

that had been found across previous analyses of complex sociotechnical systems for EID, and there 

was no indication of how the constraints were interconnected. Consequently, categories of 

constraints might have been missed from a conducted analysis, and there was not a method to 

direct the order of exploration for constraints. The taxonomy addressed this by providing a list of 

twenty categories that were informed by the literature, and how they were linked. Section 3.5 

explored how the taxonomy could be used. The first option was as a check list, see Table 12 and 

Figure 10, of categories and the top constraints found in them, which would be systematically 

worked through as part of the analysis. Another option was to use a guided checkbox approach, 

see Figure 11, where practitioners would be cognisant of other categories being mentioned during 

exploration of the category they were currently exploring, and jump to those categories to direct 

the process, instead of blindly working down the checklist. The final proposed approach was to use 

the visual representation of the taxonomy, see Figure 9, to identify linked categories to the one 

currently being explored, evaluating whether they should be explored as there is little to no 

constraints present from them. This has the advantage of directing the analysis process to 

categories which might not have been considered, hence the lack of constraints from the category 

in the analysis, to ensure that all known categories of constraint within complex sociotechnical 

systems have been considered. 
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 Utilising Implicit Representations in Interfaces for Work Domain Analysis 

Section 5.2.1 presented an alternative approach for Work Domain Analysis, largely following the 

prevailing methodology (Burns and Hajdukiewicz, 2004; Jenkins et al., 2009; Stanton et al., 2017a). 

However, the Physical Objects level of the Abstraction Hierarchy included components from the 

interfaces under consideration. This was because it is was observed that the existing Sonar and TMA 

designs already had already implicitly included representations of the work domain, thought to be 

caused by them being a mix of law- and intent- driven domains as they were in a military context 

(Bennett, 2014). Another driving factor for the prevalence of implicit metaphors was that the work 

domain is seldom directly observable to submariners, meaning that the control room has developed 

using representations of the work domain, such as the tactical picture or the Local Operations Plot. 

Consequently, categories of items in the interfaces would provide a representation of the work 

domain under consideration. Categories of items were used to maintain adherence to the 

methodological requirement of describing categories and not instances (Naikar, Hopcroft and 

Moylan, 2005). While abstracted away from the complexities of the complete work domain, the 

modified approach was desirable to set an appropriate scope for the analysis, as advocated for by 

Kortschot et al. (2017). Practically, it can also help to address potential issues with Cognitive Work 

Analysis (Vicente, 2002; Stanton et al., 2013; Hou et al., 2015), requiring less subject matter expert 

contact, saving time, and potentially cost for analyses. Another identified benefit was that the 

generated artifacts could be used for training and documentation purposes as well; providing 

operators with the information could assist them with training, facilitating an understanding of 

what items in the interfaces do or how they can achieve their goals, and system suppliers could use 

the information to understand how a system is expected to perform, and why functionality is 

required. These approaches could also be used to bolster the “Physical Object Cards” concept in 

the Cognitive Work Analysis Design Toolkit (Read et al., 2015b), which explores new ways of utilising 

Physical Objects within a system. The method proposed in this thesis was cognisant of the iterative 

nature of Cognitive Work Analysis, so an initial iteration could be developed using the interface 

Physical Objects and subsequently modified after applying the method of Read et al. (2015b). A 

potential downside to the approach is that workers can become dissociated from the underlying 

domain (Rasmussen, Pejtersen and Goodstein, 1994; Naikar, Hopcroft and Moylan, 2005), 

degrading the completeness of the resultant abstraction hierarchy. This was addressed explicitly 

through comprehensive questioning of experts (“How …?”, “Why …?”) when constructing the 

abstraction hierarchies to ensure that the domain was accounted for. Extensive operator training 

addressed the issue implicitly, with all operators being fully cognisant of the complexities of the 

domain they worked in. 
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The completed Work Domain Analysis and Worker Competencies Analysis for Sonar (Chapter 5) and 

TMA (Chapter 6) are also contributions. Other work has applied Cognitive Work Analysis to 

maritime control rooms (Burns, Bryant and Chalmers, 2000; Burns, Bisantz and Roth, 2004; Burns, 

Bryant and Chalmers, 2005; Burns, 2012; Hunter, Hazen and Randall, 2014). However, this work 

distinguishes itself through the scope of analysis, concentrating solely on the interfaces, and 

presenting a comprehensive walkthrough of each station's operation to identify shortfalls. Another 

important distinction is that the roles in ComTET were designed to be as general as possible, 

maximising generalised applicability, and creating a resource that others could adapt for future 

analyses of Sonar and TMA. 

 Enhancing the link between Ecological Interface Design and Software Engineering 

Chapter 8 presented how existing Cognitive Work Analysis to Ecological Interface Design 

methodology could be updated to better connect with contemporary software engineering 

practices, considering both the front- and back- end designs. Providing this link is a vital contribution 

as companies have often heavily invested in their software processes as a cornerstone of modern 

business, and concepts must be compatible with this to gain traction (Baxter and Sommerville, 

2010). As the role of human factors continues to grow in organisations, it is important to consider 

how best to disseminate and promote action on the important findings that are generated. While 

there are multiple methods for the creation of the frontend design (Burns and Hajdukiewicz, 2004; 

Read et al., 2018), there was little for the design of the backend (e.g., Wells, 2011; Wells et al., 

2011; Oosthuizen and Pretorius, 2018), and a dearth of literature that considered both (e.g., 

Dhukaram, 2016; Dhukaram and Baber, 2016). The methods proposed in Chapter 8 addressed this 

by updating the design method of Burns and Hajdukiewicz (2004) to be object-oriented in line with 

modern software practices (Section 8.2.1), and arguing against the translation of Cognitive Work 

Analysis to software engineering modelling outputs, as proposed by Dhukaram and Baber (2016), 

instead utilising an agile Kanban approach for project management (Section 8.3). It was proposed 

that the current outputs (“Work Domain Analysis”, “Classes for Code”, or an “Interface Design”) 

involved in the creation of an EID could be integrated into a single process that mapped how each 

interlinked, and showed how they could be converted, either following proposed processes, or 

using the various seminal works (Burns and Hajdukiewicz, 2004; Wells et al., 2011; Dhukaram and 

Baber, 2016; Oosthuizen and Pretorius, 2018; Read et al., 2018). It was argued that an object-

oriented approach was more appropriate for modern software designs, especially for Sonar and 

TMA, where the screen content is not fixed and the number of objects present would change, such 

as the number of contacts represented on the tactical picture. The backend was based on a modern 

agile approach, as software engineering is moving away from utilisation of the waterfall model 

(working from designs created at the start of a project/product) to agile approaches that facilitate 
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responsiveness to change and quicker delivery. By applying the concepts of contemporary software 

engineering to EID, it presents an opportunity to leverage these methods to deliver EID interfaces 

using software methods that have been proven to work for large-scale and complex software 

systems. The proposed methods can be used for the design and implementation of ecological 

interfaces by established software teams, bringing the potential for their widespread adoption 

closer. Furthermore, the nature of agile software methodologies aligns better with the iterative 

aspect of CWA, improving on previous works that have not explicitly accounted for this. 

11.2.3 Practical 

 Demonstrating Ecological Interface Design is Suitable for Sonar and Target Motion 

Analysis 

This thesis has made a practical contribution by demonstrating that Ecological Interface Design is a 

viable option for the Royal Navy. Documenting the design and development processes, as detailed 

in Section 11.1.2, provides ComTET stakeholders with a practical demonstration of how the results 

were achieved, and detail on how ecological design could be applied to other stations or domains. 

Chapter 4 identified that while defence companies are making great strides with the products that 

they create, there is a reluctance to move away from something that has been demonstrated to 

work (Gosling, 2008; Hall, 2012). This has led to an evolutionary approach, which is valid, although 

it may have inadvertently and unnecessarily retained obsolete constraints. This could be hindering 

operators from taking full advantage of the cutting-edge capabilities offered by these systems, 

especially with the complexity of the future maritime environment. There is risk associated with 

making changes to ‘tried and tested’, so a practical demonstration of improvements provides 

justification to make changes. By demonstrating that a step change to Ecological Interface Design 

can have clear benefits above and beyond evolutionary designs, see Chapter 9, it is envisaged that 

companies will use this as an impetus to explore how the principles in this thesis could be applied 

to their own products. Such a step change would perhaps be even more pronounced than 

presented in Chapter 9, given the resources and expertise available to these companies, which 

would no doubt be demonstrated in products arising from this approach. 

 Graphically Integrated Sonar and Target Motion Analysis: Sonar and Target Motion 

Analysis can be Merged 

The creation of Graphically Integrated Sonar and Target Motion Analysis is a practical contribution 

for two reasons. The first is that it demonstrates that it is possible to merge the two roles, which is 

a novel contribution to the literature. Previous literature has investigated the co-location of the 

roles (Roberts et al., 2019; Stanton and Roberts, 2020; Stanton et al., 2020b), and the sharing of 
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information between them (Michailovs et al., 2021). However, to the author's knowledge, there 

has not been publicly available research into the merging of both roles into one interface. This could 

have practical implications for the design of submarine control rooms and could be used to inform 

crewing levels. The second reason is that it practically demonstrates how the number of screens in 

a control room could be reduced, addressing related concerns identified by Dominguez et al. (2006) 

and Hamburger, Miskimens and Truver (2011), who argued that the number of screens in the 

control room could cognitively overwhelm operators. Displaying the information from two roles on 

one interface would reduce the required cognitive effort to interpret all information in a control 

room. Furthermore, it creates a basis to add information from other roles and screens that is 

compatible with a map-based representation (i.e., tactical picture information). While there is 

obviously a gulf in fidelity and capability between software for testing in ComTET and software 

ready for deployment in submarines, Graphically Integrated Sonar and Target Motion Analysis is a 

practical demonstration of what is possible, going above and beyond rhetoric on the possibilities of 

reducing screens and combining roles. 

11.3 Evaluation of Project 

11.3.1 Subject Matter Experts 

 Input – Project and Researcher expertise 

The work in this thesis would not have been possible without the contributions of the many subject 

matter experts who provided their input, assistance, and feedback. It was fortunate that this 

research was supported by the ComTET research project, which afforded access to these subject 

matter experts, and allowed the author to become one themself. It is felt that this had a tangible 

impact on the structure of this research and the ideas presented. In terms of structure, regular 

project meetings with subject matter experts, and availability of ad-hoc support meant that ideas 

could receive regular feedback, as opposed to having to arrange specific workshops. Utilising 

expertise provided during the project also ensured that their time was appropriately used, gaining 

feedback on multiple work streams at once, instead of requiring individual meetings for each, which 

would have been unreasonably demanding on the experts’ time, and could have added significant 

cost to the project. This is prevalent in this research, whereby changes were enacted from regular 

contact with experts and feedback on reports, identifying where small changes could be made, as 

opposed to a workshop where sweeping changes were identified. Such an approach is akin to the 

software engineering practices employed in Section 8.3, seeking to use a responsive, agile, 

approach to be responsive to emergent requirements and input. This was facilitated by the author’s 

expertise gained throughout the project, allowing them to make informed decisions about what 
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would be suitable, which could be confirmed or altered by subject matter experts. However, it is 

recognised that future work in this area may not be based within a project, and therefore it is 

encouraged to adopt a more traditional approach to the analysis, seeking input from experts using 

workshops and other fixed points as recommended in the literature (Burns and Hajdukiewicz, 2004; 

Stanton et al., 2017a; Read et al., 2018). 

 Demographics 

How subject matter experts input into the project also affected data collection about them, limiting 

demographic data that would usually accompany data sourced from a population sample. There 

were two limiting factors: the lack of ethical approval, and more importantly individual consent, to 

collect data from individuals generously providing their time and input; and limitations on 

demographic data that could be collected from them (Stanton and Roberts, 2018; Stanton and 

Roberts, 2020), such as the validation study. 

It was not possible to collect demographic data from experts contributing to the research outside 

of the context of a study. As described above, this was a significant source of information. Their 

input was incorporated into the research at all possible points, although as no ethical approval was 

in place, demographic data could not be collected and reported. Even with ethical approval to do 

so (i.e., a long-term study to collect the demographic data of ComTET subject matter experts), they 

might not have felt comfortable providing their demographic data along with their input outside of 

a study, such as at project review meetings. This could have risked deterring potential contributors, 

detrimentally affecting the amount of expert input. Possible reasons include the perception of 

gatekeeping input (i.e., researchers preferring input from more senior personnel) and/or being 

required to provide information for their input to be considered (i.e., “Why is information about my 

experience required? I am an expert, and my input is valid”). Given the small population of experts, 

and the amount of input required for a program such as ComTET, it was instead deemed more 

appropriate to only collect data on study participants. 

However, the collection of demographic data within studies was also limited, as with other ComTET 

studies, by security considerations and recommendations from the Ministry of Defense Research 

Ethics Committee (MoDREC; Stanton and Roberts, 2018; Stanton and Roberts, 2020). Combined, 

with sample sizes prohibitive of disaggregation, it is recognised that these are limiting factors for 

utilisation beyond reporting descriptive population statistics. This is especially pertinent in Chapter 

7, where the demographics are mostly temporal, with the assumption that time ∝ experience. 

While rank and role were collected as more evidence-based indications of differing skill levels, the 

small population size would have prohibited attribution of results to a specific demographic cross-

section without potentially uniquely identifying participants. 
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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 

questionnaires 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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an expert CWA practitioner could minimise the need for the constraint taxonomy, it would still be 

worthwhile for experts to utilise it to formalise the application of knowledge from experience that 

is stored mentally and provide a literature-driven checklist of possible constraints. 

Another limiting aspect of the taxonomy is the limited Cohen’s κ for interrater reliability for the 

constraint categorisation, shown in Section 3.2.6. While a level of agreement was shown using the 

scale provided by Landis and Koch (1977), there was room for improvement in these scores to reach 

an optimal value (κ ≥ .8). Discussions with colleagues during the process suggested that this was 

because constraints could be reasonably categorized into multiple categories, instead of the one 

category that NVivo allowed. This was partially accounted for by the provision of a secondary 

category that the additional rater could provide, although this could not be represented within the 

software and only affected the inter-rater reliability calculation through manual comparison. Future 

iterations of the taxonomy would address this limitation by moving to different software that allows 

for classifying constraints into multiple categories. Doing so may also improve the connections 

between each category, as the variable nature of some constraints could be accounted for. Another 

option would be to subset the taxonomy for different domains and types of domains, which would 

allow for more concrete implementations to be created, considering the exact nature of what each 

constraint means in the context of the work domain specified. 

11.3.3 Testing after the Coronovirus-19 pandemic 

The human in the loop experiments in this thesis were conducted in the ComTET simulator facility 

using novice participants. The use of novices to understand relative differences in performance has 

been demonstrated to be appropriate to increase statistical robustness (Walker et al., 2010c; 

Stanton and Roberts, 2019), with the direction of change being a focal point as opposed to the 

absolute values. The approach was successful, permitting statistical analysis to be conducted for 

comparing the contemporary interface to GIST (Chapter 9), and GIST to a Mashup display created 

using a UCD approach (Chapter 10). However, recruitment for the human in the loop study in this 

thesis took place shortly after the restrictions of the Coronavirus-19 pandemic were lifted, and 

uptake for a multi-day experiment in a confined space with other participants was not optimal. This 

affected final participation numbers from the desired total of 60. While there was enough 

participation from a testing period of nearly three months, the number of participants was still 

limited overall.  
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11.3.4 Testing with Novices 

The approach of using novices has been followed in other studies conducted in the ComTET 

simulator. However, they also included one team of submariners to act as the gold standard 

(Roberts, Stanton and Fay, 2017a; Roberts, Stanton and Fay, 2017b; Stanton, Roberts and Fay, 2017; 

Roberts, Stanton and Fay, 2018; Stanton and Roberts, 2018; Roberts et al., 2019; Stanton and 

Roberts, 2019;2020; Stanton et al., 2020b). Most participants responding to the call for 

participation in the experiment in this thesis were novices, with defence companies also facilitating 

volunteering efforts of their staff, who had awareness of the domain. This meant that limited insight 

was gained into how experts would perform using GIST. This was a limitation in the studies 

conducted, which could be addressed by future studies that seek to only recruit expert participants. 

However, getting enough participants for an expert only study could be challenging. The experts 

required are either working at sea or are shore-based and would be fulfilling obligations associated 

with this, both personal and professional. This makes recruitment of experts challenging, especially 

at the number required for a statistically robust study in a reasonable timeframe. While the domain 

experts have always been extremely generous with their time and contributions to the work 

conducted in this thesis, an expert only study would likely require an opportunistic approach of 

when a suitable number of submariners are free to participate, as opposed to responding to a call 

for participation within a fixed window. This is compounded by other ongoing experiments within 

the ComTET project, meaning that access to the facility must be coordinated and booked, which 

might not always be possible. 

11.3.5 Method Substitutions 

The methods applied in this research were affected by resource constraints, namely time and 

subject matter expert availability. This was offset by incorporating the outcomes of other methods 

used in ComTET, discussed in Section 2.3.3 and Section 2.3.4, to make the best use of each. Parallels 

were drawn between these methods and the methods that they were utilised in lieu of, such as 

utilising Hierarchical Task Analysis (HTA) and Event Analysis of Systemic Teamwork (EAST) over the 

stages of Cognitive Work Analysis not explicitly linked to Ecological Interface Design theory. This 

was successful in that the core theoretical underpinnings were adhered too, although was less than 

optimal for two reasons. 

The first is that while parallels can be drawn between methods, there can be no substitute for the 

application of the method itself in some circumstances. For example, Salmon et al. (2010) conclude 

their comparison of HTA and CWA by stating that the approaches were complimentary, but are 

entirely different. The primary differences are the concentration on goals and constraints 
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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 (McIlroy 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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In this respect, transferability of the as-is experimental results presented in Chapter 9 and Chapter 

10 is limited, as the research was not conducted in real-world simulator facility such as Talisman. 

However, this would apply primarily to the HMIs themselves (i.e., the contemporary interfaces 

being of low fidelity, and limited in comparison to the higher-fidelity counterparts), as EAST 

networks from scenarios completed in ComTET have been shown to be comparable to scenarios in 

Talisman (Roberts, Stanton and Fay, 2017b; Roberts, Stanton and Fay, 2018; Stanton and Roberts, 

2020). That is, the work is recognisable in terms of the tasks, information, and communications, 

although the specifics are different. One such difference is that novices communicated more 

(Roberts, Stanton and Fay, 2017b). The cited literature observes that the comparability is likely from 

subject matter input in the simulator design process (Roberts, Stanton and Fay, 2015), and 

therefore relative differences would likely be seen if conducted in a higher fidelity simulator. 

Roberts, Stanton and Fay (2017b) argued that this provides tentative initial support for the relative 

validity of the ComTET experiments. They subsequently nuanced this assertion by recommending 

that future work compare novices to experts to ascertain exactly which results could be directly 

applied (absolute validity), and which would require higher-fidelity evaluation (relative fidelity). 

This has been in part achieved by having a gold-standard comparator currently active Royal Navy 

submarine command team participate in each study, which saw similar relative results to the 

novices in experimental cycles (Roberts et al., 2019), although this was a result of observational 

over statistical derivation. 

There are differences between the ComTET experiments and those in this research, namely that no 

submariners participated, and it was an individual experiment. However, the same work was 

completed by each operator, sans the communication aspects. This means that the social network 

could be disregarded, and the information and task networks could be bounded to the two roles 

the participants were completing (i.e., no visual cuts from periscope). Given that the networks were 

created from picture compilation command teams, formed of mostly Sonar and TMA related 

operators, this is unlikely to substantively change the networks over pruning select nodes related 

to periscope and ship control. These observations suggest that results concerning the work and 

procedures conducted could be transferrable to real-world submarine control rooms as-is, and 

HMI-related factors should be referred for higher-fidelity testing. More specifically, improvements 

to tasks completed (tracker assignment, contact merging, and solution entry) are posited to be 

readily applicable to the real-world; the tasks completed were representative of real-world 

interfaces, including HMI aspects, so if an EID interface was deployed, it could reasonably be 

expected to yield the same direction of benefits. This is likely more accurate for the Sonar 

component, as the TMA component is a subset of the full functionality used. By contrast, the 

perceptions of usability and workload are tightly coupled with actual implementations of HMIs, and 
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so would require further evaluation against actual systems before being directly transferable. Of 

course, the transferability of all results would become more robust with higher-fidelity testing, so 

these remarks are not intended to preclude comprehensive evaluation of all aspects. 

It is hoped that all of this research will be considered for application in submarine control rooms, 

irrespective of direct or indirect transferability. One route to applicability would be through 

workshops such as the Tactical Advancements for the Next Generation (TANG) forum, which was 

an initiative to capture novel ideas arising from design thinking sessions with from individuals not 

yet fully engrossed into submarine culture (Hall, 2012; Johnston and Featherstone, 2014). Forum 

attendees were asked to conceptualise ideas that would allow the submarine fleet to keep pace 

with industry technology, and were instructed to think big (Hall, 2012). There are other similar 

initiatives being held, such as design sprints (Fay, Roberts and Stanton, 2020). Resultant ideas from 

the design activities are prototyped and demonstrated to circulate them, and gain feedback. These 

ideas can then be realised by technology insertion programmes, such as the Acoustic Rapid COTS 

Insertion (ARCI) programme, which is designed to continuously improve Sonar systems by keeping 

pace with technology advancements (Guertin and Miller, 1998; Scott, 2006; Johnston and 

Featherstone, 2014). Johnston and Featherstone (2014) argued that input from the fleet is crucial 

to drive these insertion programmes, as they inform the changes that should be made to align with 

end-user needs, over simply guessing where to address development efforts. The GIST HMI 

presented in this thesis is a practical contribution to this process, and could be put to the submarine 

community as a base idea, with an updated concept being implemented in the next available 

technology insertion. While ideas are typically not meant to be seeded, the results from the studies 

completed as part of this research suggest that this design direction is worth exploring further. 

Consequently, it could be framed to operators as being a proof of concept that now requires fleet 

input before being requested as a future capability. This is a realistic possibility given the drive of 

modern navies to keep pace with the latest technological innovations (Department of National 

Defence, 2001; Stone, Caird-Daley and Bessell, 2009; Threston, 2009; Stanhope, 2012). 

Improving on modern submarine systems, such as Sonar 2076, is no mean feat as they are 

extremely capable. However, it is believed that GIST advances the state of the art on two fronts. 

The first is the merging of Sonar and TMA, as discussed in Section 11.2.3.2. Current systems are 

designed around current roles within the control room, and while they provide integrations with 

other systems, they offer limited functionality outside of the role(s) they are designed to support. 

This is by no means a criticism of these systems, rather an observation that multiple products form 

control room capability; no one system can do everything. GIST advances on this by demonstrating 

that it is possible to merge roles, or even have all roles use a common core display. Such capability 

could be realised by ongoing efforts to make submarine combat systems more open and modular, 
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such as the Common Core Combat System (Sea, 2005; Owen et al., 2006; Scott, 2006; Defence 

Equipment and Support, 2010). While there are no illusions regarding the relative capability of a 

proof-of-concept display in comparison to deployed at-sea capability, implementing this type of 

capability in a submarine control room would go above and beyond what is currently known to 

exist. The second is the way in which data is represented and the workflows implemented. As 

illustrated in Section 4.1.2.2,  submarine interfaces have mostly retained the same “look and feel” 

since their inception, despite enormous increases in the underpinning technological capability. GIST 

has demonstrated an advancement on contemporary interfaces representative of those used in 

current state of the art systems, paving the way for future platforms to make full use of their 

technological capability. 

It is this realisation of the designed interfaces that offers another avenue for real-world exploitation 

of this work, by utilising the design and evaluation processes in this research. They were designed 

to bridge the gap between insights from human factors analyses and HMI designs, and the software 

engineering required to realise these. Submarine programmes are hugely complex, requiring highly 

skilled personnel (Schank et al., 2011). Each company will have their own methods for conducting 

human factors and software engineering for submarine projects and would not adopt the processes 

wholesale. However, an ever-growing culture of agile and continuous improvement means that 

there is scope for integration in the near future, especially as the methods created are designed to 

integrate with contemporary software engineering practices (Baxter and Sommerville, 2010). More 

generally, they could be applied in any company that is delivering complex HMIs based on human 

factors analyses; this research was focused on Sonar and TMA, although the design process was 

designed to generic for use across multiple domains, and utilisation a real-world setting.  

A key component of this is the focus on integration of the two disciplines, especially given the time 

and subsequent financial savings that could be achieved by reusing human factors analyses to drive 

software design. Everything was designed to work as a cohesive whole, but also in a discrete 

manner to address specific challenges being faced by potential adopters. For example, the 

taxonomy of constraints is designed to facilitate more comprehensive CWAs, although these do not 

have to be in the format proposed Section 5.2.1 if an existing HMI should not require a WDA artefact 

to document it. Similarly, the design process in Chapter 8 does not require a CWA in any particular 

format (e.g., mapping specific levels to outputs, or adhering to specific schools of thought regarding 

theory and presentation) to be used. 

Given the quality of people required to deliver a submarine successfully, it is realistic that they 

would be adaptable to the changes and could offer subsequent improvements based on their 

expertise. This would involve an investment in cross-training staff, although it could be offset 
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against the productivity gains that are achieved by allowing two disciplines to work from one set of 

analyses, especially if other methods are integrated from the proposed future work in Section 

11.4.2, as well as contributing to closing the gap between human factors methods and eventual 

system design identified by Read et al. (2018) when designing the CWA Design Toolkit. 

11.4 Future Work 

11.4.1 Additional Evaluation of GIST 

 Improving GIST 

The study and result in Chapter 9 and Chapter 10 focused on individual operators to avoid a 

confounding effect in the results arising from a team study, as merging the Sonar and TMA roles 

would have changed communication and might have affected the flow of information for 

constructing the tactical picture. Using individuals instead ensured that this potential confound was 

removed. However, it is recognised that this removed the operator and the interface sociotechnical 

subsystem (Walker et al., 2010b) from the full control room sociotechnical system. Given that 

individual subsystems and interfaces can affect entire system performance (Meshkati, 1991; Walker 

et al., 2010b), future research should explore how GIST affects the entire command team 

sociotechnical system and whether this is congruent with the effects on individual operators. This 

would provide further evidence on whether an EID approach works for Sonar and TMA, 

contextualised with an examination of effects on the entire control room sociotechnical system. 

However, it would be prudent to apply further human factors methods to improve the interface 

before conducting a team study. This is because informal feedback from participants indicated 

there were aspects of usability and performance that could be improved, which is reflected by the 

usability scores presented in Section 9.3.1 and workload scores presented in Section 9.3.5. A 

workshop could be held to understand how experts would like to change GIST to better suit their 

needs, either utilising stages from the Cognitive Work Analysis Design Toolkit (Read et al., 2018) or 

other recommended human factors interface evaluation methods (Stanton et al., 2013) to increase 

its usability as a step before the experiment. This is based on the recommendation of including both 

approaches in future workshops from Chapter 10, and could address the limitation identified in 

Section 11.3.3, as a smaller cohort of experts could be interviewed to gather user-centred insights 

to improve GIST. Such an approach would be more formal than was taken throughout the thesis, 

where existing contact time with experts as part of the project, such as at ComTET project review 

meetings or the design workshop described in Section 10.2.1, was utilised to elicit feedback on the 

design of GIST. 
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The application of the above methods would be oriented around improving the usability and 

interaction of GIST, using its current state as a base. Depending on the scale of any future research, 

a “many models” (Salmon and Read, 2019) approach could be utilised to make more foundational 

changes, or even completely new designs. While this was not possible in the current research due 

to resource constraints, future projects could utilise the library of analyses conducted as a base to 

expedite generating a full set of models to inform designs. For example, the remaining stages of 

CWA could be completed, or EAST could be conducted on the GIST scenario transcriptions to 

understand the effect it had, if any. 

While a more substantial effort over refining GIST, this would be more aligned with one of the key 

reasons for this research; given that this research was conducted to move away from an iterative 

approach, it could be counter-intuitive to make an initial step change and then return to iterating. 

Instead, the “many models” approach could yield alternative designs, or a larger step-change over 

just tweaking GIST. This could also help to address the notion throughout the literature that EID 

alone does not drive interface design and is often mixed with other knowledge and methods 

(McIlroy and Stanton, 2015b), by formalising the pre-cursor CWA analysis’ integration with other 

methods. In doing so, the gap between analysis and design could be bridged in a more directed 

fashion. Stated another way, CWA and EID examine the constraints of a work domain, but a “many 

models” approach could offer a theoretically backed method to constrain the subsequent design 

options; the design of interfaces will always remain a creative endeavour with near limitless 

possibilities, so narrowing these down using tried and tested methods would be the next logic steps 

for a method that concerns itself with constraints. 

 Experimental Directions 

It would also be of interest to see how the usage of GIST would affect other issues identified as part 

of the ComTET project, as it merges two operator roles, and this is highly likely to affect the 

characteristics of the submarine control room sociotechnical system. For example, multiple 

experiments co-located pairs of Sonar and TMA operators (Roberts et al., 2019; Stanton et al., 

2020b) to reduce an identified bottleneck of communications (Stanton, Roberts and Fay, 2017; 

Roberts, Stanton and Fay, 2018); would merging the co-located roles provide similar benefits, or 

are there other factors that should be considered? This would also build upon the work of 

Michailovs et al. (2021), who investigated if information integration improved performance in the 

control room, by investigating if a full integration of the roles has the same outcomes. It would also 

create a basis for evaluating what aspects of the sociotechnical system would need optimising to 

ensure joint optimisation, over just updating the interfaces. This is likely to require changing the 

command team’s work, or restructuring the team itself, as some tasks involving communication 
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between Sonar and TMA will have been completely eliminated by GIST; without accounting for this 

in the social component of the control room, potential benefits might remain untapped. 

It is proposed that a two-part study would be required to achieve these goals. This would ensure 

that the independent variables, interface change and work structure change, are not confounded. 

The studies would be based on the final study of ComTET, which saw all operators working in an 

inwards facing circle (Stanton et al., 2020b). The study was synergistic with the work of Michailovs 

et al. (2021), where multiple streams of information was available to each operator, although the 

ComTET experiment stopped short of providing copies of the information in each interface. 

The first study would examine the effect that an updated version of GIST has on the control room, 

if any. This would be to assess whether the results from the individual GIST studies are reflected in 

the team studies, or whether there are deviations. Sonar and TMA operators would be asked to 

follow current ways of working, but would have access to the capability of their counterpart 

operators to generate and retrieve information if required. This would build on the work of 

Michailovs et al. (2021) by introducing the ability to fully manipulate the information, such as TMA 

operators generating a speed estimate using Sonar tools if required. A key area of examination 

would be ensuring that the amount of information presented is manageable, as integrating 

information from multiple sources has been shown to be detrimental to OOW performance 

(Dominguez et al., 2006). This suggests that there is a balance to be struck. While task performance 

can be improved by providing more information (Michailovs et al., 2021) to address the 

communications bottleneck (Roberts et al., 2019), too much information would introduce 

challenges faced by supervisory operators that detrimentally affect performance.  

The second study would be based on the application on sociotechnical systems theory to apply joint 

optimisation to the submarine control room to investigate how to address this. The results of the 

preceding study would need to be examined using appropriate methods to understand where the 

command team’s procedures could be updated to reflect how they completed work with GIST. 

While the full changes would be data-driven, changes are likely to be oriented around redefining 

the command team roles, so that Sonar and TMA operators become “Picture Compilers”. While this 

would not reduce the total amount of information available, it could reduce the amount of 

information operators are required to process and maintain situational awareness of, if their work 

is structured appropriately. This would be novel as there is a dearth of submarine control room HMI 

studies that subsequently examines if further improvements could be elicited through radical social 

changes over those superficially required to run the study.  

The sample sizes required to run these studies with appropriate statistical rigor is highly likely to 

require novice participants, which can be appropriate for studies with limitations on target 
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demographic recruitment (Walker et al., 2010c; Stanton and Roberts, 2019). However, their sole 

use creates a limitation in that while they can be trained to perform the experiment, they are not 

the target demographic, and this stymies transferability and generalisability. To address this, all 

ComTET team studies have included a currently operational RN submarine command team to act 

as the ideal comparator team. This approach should be used for future studies where an entire 

cohort of submariners cannot be obtained. The teams have validated the fidelity of the simulator 

and tasks (Roberts, Stanton and Fay, 2015; Roberts, Stanton and Fay, 2018), and performance 

compared to a comparable scenario (Stanton, 2014) completed in a higher-fidelity simulator 

(Stanton, Roberts and Fay, 2017). Roberts et al. (2019) argue that results from these expert teams 

will exhibit relative validity over absolute validity, with the directions of results being similar to the 

novice teams. This would need to be validated for each study, but could offer assurances that any 

results could be generalisable to other operational command teams.   

11.4.2 Software Design and Engineering 

 Further exploring the synergies between CWA, EID, and software engineering 

This thesis has furthered the discourse on the link between Cognitive Work Analysis and software 

engineering, presenting a different approach to others that have sought to translate Cognitive Work 

Analysis (Wells et al., 2011; Dhukaram and Baber, 2016; Oosthuizen and Pretorius, 2018). The precis 

of the argument was that translation to software modelling languages might not be as appropriate 

as providing software engineers with the Cognitive Work Analysis outputs and using those to follow 

an agile development approach. However, as the author was the main software engineer 

implementing their own interface in conjunction with the software provider, the effect of 

communication and integration with enterprise processes, as advocated for by Viller and 

Sommerville (2000);  and Baxter and Sommerville (2010) could not be adequately evaluated. 

Therefore, an option for future research would be to study the integration of human factors 

methods into the software development lifecycle in appropriate detail, expanding on the work of 

Jamieson and Lau (2010) who explored how multiple distributed teams could work together to 

create an Ecological Interface Design. The complexity of modern software development activities 

makes this a significant undertaking to approach, and it is likely that there will not be a one size fits 

all solution. Another interesting factor to consider is the growing influence of “no code” or “low 

code” tooling, which could be a prime integration point to explore with Ecological Interface Design. 

As their naming suggests, these tools facilitate creation of software without substantial underlying 

code, requiring only the interface to be designed. Consequently, Ecological Interface Designs could 

be created mostly from their visual form, speeding up their implementation process. This would 

extend the approach taken by Rechard et al. (2015), who created a tool to create Ecological 
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Interface Designs using a widget-based approach, likely based on the recommendation of a visual 

thesaurus of forms by Burns and Hajdukiewicz (2004), Hajdukiewicz and Burns (2004), and Jamieson 

(2003). This could be quite promising for adoption of Ecological Interface Design, as no/low code 

approaches are a relatively new area of software creation, creating scope to influence any adoption 

in companies more than that of traditional software, which is likely already fixed in its process, with 

significant resistance to change (Viller and Sommerville, 2000; Baxter and Sommerville, 2010). 

Another option to explore could be the utilisation of artificial intelligence to power ecological 

interfaces. The abstraction hierarchy could be represented as a neural network to guide actions by 

a technological agent. Neural networks are machine learning tools inspired by the human brain, 

mimicking how neurons signal each other to process inputs (IBM, 2021a). Using a neural network 

based on the abstraction hierarchy of a domain could allow technical agents to gain the same 

benefits afforded to social agents by an ecological interface design; instead of having specifically 

programmed behaviour, the technical agent would instead be operating within the bounds of the 

domain. This could also address the concerns of Dhukaram and Baber (2016) for utilising Unified 

Modelling Language to specify software design, as it was a fixed representation of the domain. 

There is literature that demonstrates compatibility between abstraction hierarchies and neural 

networks, such as an analysis of football commentaries from different sources structured according 

to an abstraction hierarchy performed by (Silva, Ribeiro and Lopes, 2021). 

 Integrating other methods into the design approach 

The design approach proposed in this thesis was created to link CWA to EID, and the subsequent 

software engineering processes required to realise designs. However, it was designed with 

generalisability in mind, and therefore could readily be adapted to incorporate other Human 

Factors methods, such as EAST, HTA, the Functional Resonance Analysis Method (FRAM; Hollnagel, 

2012), or Accimap (Svedung and Rasmussen, 2002). EAST and HTA are described in Sections 2.3.3 

and 2.3.4. FRAM is a method for examining safety-related problems in complex sociotechnical 

systems by characterising them by their functions, as opposed to their physical structure (Hollnagel, 

2012; Patriarca, Di Gravio and Costantino, 2017; Salehi, Veitch and Smith, 2021). While it is primarily 

designed for safety, it is not limited to this use-case and can be used in general (Patriarca et al., 

2020). Accimap is a method for describing accidents using the risk management framework of 

Rasmussen (1997), mapping contributory factors across six hierarchical levels to understand 

contributory entities (Svedung and Rasmussen, 2002; Salmon and Read, 2019). 

This could be achieved using a variety of options. At the most basic level, the resultant 

recommendations from conducted analysis could be incorporated into the process by framing them 

as stories that detail how functionality should be incorporated into the new product. For example, 



Conclusions 

295 

EAST analyses can reveal what information is used in the control room, and the relations between 

them (Stanton, 2014). This might reveal information pertinent to solutions that TMA operators do 

not currently have access to in GIST, yielding an associated story (e.g., “As a TMA operator, I want 

to access ____, so that the information is readily available”). 

The same logic could be applied to identifying other entities within the work domain that could be 

incorporated as objects in the software design. An Accimap analysis will reveal several entities that 

are related to an accident that has occurred, and these could be incorporated into the software 

design to provide functionality that accounts for them in future versions. For example, McCabe, 

Baber and Stone (2020) conducted an Accimap analysis on the Karen accident (Marine Accident 

Investigation Branch, 2016), and recommended that an Artificial Intelligence (AI) support agent be 

implemented to support pre-mission planning and vessel planning. The AI would be an entity (class) 

in the code, which would provide the requisite functionality. It is recognised that the AI would be 

created using several classes, however, for the sake of simplicity it has been described as a 

monolithic unit. 

Moving beyond insights as inputs for the process, it could be adapted to directly integrate a variety 

of methods. This would be akin to the “many methods” approach advocated for by Salmon and 

Read (2019), as multiple methods could be applied, and their results integrated into the software 

process. The exact integration workflow would depend on the method and its outputs. For example, 

HTA could be well suited to defining the processes that code will need to follow to achieve a goal 

specified in the user stories, which contain a reference to a related goal in a library of HTA task 

trees. This would be beneficial in defining exact processes required by the software, addressing 

concerns about communicating findings of analyses to engineers that have been identified in the 

literature (Bruseberg, 2008; Baxter and Sommerville, 2010; Wells et al., 2011; Dhukaram and Baber, 

2016). Other methods could help to understand and implement processes, such as EAST task 

networks facilitating an engineer’s understanding of what workflows the software will need to 

support. Alternatively, if designing for future ways of working, CWA’s Strategies Analysis could also 

be employed; as a formative method, it would provide the bounds for engineers to creatively design 

capability within. Finally, as FRAM uses a functional-based approach, this could be used an initial 

blueprint of a system that should be created, and how functionality should be linked. This could be 

bolstered with information networks from EAST, which would describe requisite information, and 

could therefore inform the data structures used in the software.  

Methods of linking and flow in each method could also be used to design resilience, which is a key 

aspect of modern software. This could be achieved by applying “broken links” approaches to various 

methods to understand the potential impact and proactively design for the possibility. Stanton and 
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Harvey (2017) applied this approach to understand possible risks in a RN training activity using EAST, 

breaking links between nodes in the social and task networks to identify resultant risk and 

associated mitigation strategies. These strategies could be fed into the process as stories, or they 

could inform the design additional interface design to support risk reduction. The links that can 

break would also be of use to engineers, as this would inform them about what aspects of the 

system require monitoring, and how to determine the health of links between nodes. Other 

methods could be applied in this way, or they could be used to identify possible failovers that would 

allow end users to work with the system. Salmon, Carden and Stevens (2018) used link breaking on 

an Abstraction Hierarchy to identify strategies that would disrupt terrorist cells at the various levels 

used utilised by WDA. This approach could be used to identify what capability would remain 

available if a link were to break, allowing designs to account for this. The approach could also be 

used to identify capability that should never break, to ensure that safety risks are kept as low as 

possible. Jenkins et al. (2010a), citing Hopkins (2000), used link breaking a method for Accimap 

model validation, stating that breaking any one link could have averted the accident being 

investigated. This could be used to identify key failure points that could be broken using the 

software being designed, and account for them in the code and/or interface. For example, the 

Accimap of McCabe, Baber and Stone (2020) identified that the submarine was operating fast and 

deep in a busy, crowded area, which led to all vessels without trawl noise being classified as 

merchant vessels. Knowing this, future Sonar software could incorporate functionality that prompts 

operators to re-evaluate contacts for trawl noise, or other fishing vessel characteristics, at regular 

time intervals proportionate to the number of contacts held (more contacts requiring more 

frequent re-evaluation). 

Software requires documenting, and the design process could be expanded to generate this 

documentation. This could be especially advantageous as it would be based on the same source 

material the software design is, saving time and financial resources. The different approach for 

applying CWA to HMIs detailed in Section 5.2.1 is a primary example of this, as the resultant 

Abstraction Hierarchy reflects the interfaces. Thus, they could be deployed as-is for documentation, 

alongside a counterpart hierarchy that details the work domain. Consequently, it would be possible 

for end-users to understand the system and utilise the constraints-based approach of CWA to 

understand how they might approach tasks differently. The approach could also be used for 

designing updated procedures for new software, such as using EAST task networks to identify 

different strategies employed by end-users during testing, and to incorporate effective strategies 

into procedures. Finally, Accimap could be used to identify applicable legislative requirements for 

software, which might not be readily apparent, allowing engineers to design for, and demonstrate, 

compliance. 
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In summary, there are a variety of ways in which the design process proposed in this research could 

be extended to incorporate other methods that examine complex socio-technical systems. While 

there is implicit compatibility with almost all methods by creating user stories from the insights they 

generate, there is also extensive possibility for more explicit integrations. The focus of these in this 

section was to promote making facets of creating systems for the systems more readily apparent, 

so that designed software is appropriately robust. This was to address a potential loss of richness 

from the various Human Factors methods available (Baxter and Sommerville, 2010; Dhukaram and 

Baber, 2016), which could see key design requirements omitted. As argued in Section 8.3, directly 

providing software engineers with human factors outputs could be more beneficial over translating 

to a software engineering format, such as Unified Modelling Language diagrams. Thus, any future 

work on the design process should seek to utilise the strengths of each method to directly inform 

software construction. 

11.4.3 Constraint Taxonomy 

The constraint taxonomy presented in Chapter 3 was framed as a tool to drive the CWA analysis 

process, acting as a guide for practitioners to follow when conducting their analysis. However, it is 

believed that there is potential to use the constraints taxonomy in a wide variety of contexts and 

applications, which could be explored by future work. A significant proportion of these applications 

have parallels with the ecological principle of inferring distal variables from proximal variables (King, 

Read and Salmon, 2022), therefore making visible the invisible (Vicente and Rasmussen, 1987); 

category linking allows known and observed (proximal) categories to be mapped to those that 

might not be apparent (distal). This is interesting, as it hints at the possibility for using ecological 

principles for human factors analyses, especially as King, Read and Salmon (2022) have 

demonstrated that EID remains effective in a static (i.e., non-interactive) context, which most 

analysis artefacts take the form of. Though an intriguing possibility, this section will concentrate on 

solely on how the constraints taxonomy could be utilised. 

CWA is iterative, often requiring multiple revisions to arrive at a “completed” artefact (Naikar, 

Hopcroft and Moylan, 2005; Stanton et al., 2017a). These artefacts represent the constraints in the 

work domain as they are aware of, requiring validation from subject matter experts. However, 

knowledge of constraints might be limited by utilisation of familiar routines that mask the 

underlying justification, and rationalisations or explanations of the system that are incongruent 

with actual constraints (Rasmussen, Pejtersen and Goodstein, 1994; Naikar, Hopcroft and Moylan, 

2005). The taxonomy could be used to address this in existing CWAs by retrospectively coding nodes 

from each of stage, using the constraint categories as actors, similar to the approach taken by SOCA. 
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Practitioners could then check off existing categories, and use either of the approaches detailed in 

Section 3.5 to explore missing categories, contingent on available time and required analysis scope. 

The coding could also allow social network analysis to be completed on the artefacts, such as the 

abstraction hierarchy, allowing comparison with the taxonomy metrics (Section 3.3). In turn, this 

could be used to identify areas that might need further exploration, such as if a category has a high 

sociometric status in the taxonomy, but has a much lower status in the abstraction hierarchy. This 

would be applied with appropriate recognition that domains can differ, and that taxonomy is 

constructed as a holistic overview of constraints at all points of the continuum of behavioural 

constraints, which categorises domains as belonging between intent- and law-driven (Rasmussen, 

Pejtersen and Goodstein, 1994; Bennett and Flach, 2019).  

Approaching this from a different standpoint to address this, coded CWA analyses could also be 

used to create multiple versions of the taxonomy for different points along the continuum, making 

it more targeted and appropriate for use when the type of domain is already known. This could also 

provide validation of a domain’s categorisation. For example, intent-driven domains might have 

higher levels of “Decision Making, Goals, and Action” category constraints, as operators can make 

more decisions when compared to a law-driven domain. Another potential application could be 

filtering the abstraction hierarchy to understand how much each category constrains the work 

domain, and where changes could be made to shape remove barriers to effective system 

performance. For example, if an abstraction hierarchy is predominantly formed of “Technology” 

category constraints, then this could be indicative that improved technology is required to improve 

the action space in which users are provided with to operate within their domain. 

More generally, the principle of coding by categories could be employed for multiple different 

methods that examine complex sociotechnical systems, where the composition of constraints 

would be useful information. However, not all methods deal with constraints, which are a 

distinguishing factor of CWA. Instead, the notion of constraints could be abstracted into 

characteristics. Vicente (1999b) and Section 3.2.3 defined constraints as relationships between, or 

limits on, behaviour; removing the concept of these limitations or relationships would leave the 

behaviour, which in turn characterises a system. 

This could be applied to previous accident reports to categorise the type of accident that occurred 

from the primary cause and identify other potential causal factors. For example, the USS Greeneville 

crash (NTSB; 2001), discussed in Section 1.3, could be categorised as a primarily “Actors and Agents” 

as the primary cause was inadequate interaction between senior command team members. “Actors 

and Agents” is connected to “Decision Making, Goals, and Action” in the taxonomy, which suggests 

that factors in this category should be considered. This is confirmed by the NTSB report stating that 
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a further contributory cause was a failure to manage the civilian visitors sufficiently so that they did 

not impede operations. While identifying additional causal factors in this manner might not be 

possible in all situations, it could help to direct focus when examining the causal chain(s) of complex 

accidents. This could also help address instances where accident reports are reductive owing to a 

specific emphasis, such as road-accident investigations being driver-focused (Newnam et al., 2017; 

Salmon and Read, 2019), by prompting investigators to consider factors outside the context of the 

accident’s immediate presentation. 

Alternatively, investigators could use the taxonomy to examine factors affecting accidents as part 

of their method from an investigation’s beginning, working through the taxonomy to elicit 

categorical details. Elicited factors could be category coded and added to an AcciMap, or an existing 

AcciMap could have codes retrospectively added. As with the abstraction hierarchy, this would 

structure data collection, and add an additional dimension to the completed analysis. 

Consequently, social network analysis could be applied, and the results used to understand the 

categories with the most sociometric status as priorities for recommendations aimed at preventing 

similar future accidents. This could be cross-referenced with their level in the AcciMap to 

understand what strategies might be most effective in each context. The work of Newnam et al. 

(2017), a combined AcciMap of 21 road freight crashes between 2004 – 2014, also provides an 

interesting avenue of exploration. With a temporal dimension, there is potential to map the 

proportion of each category over time to assess whether contributory factors are being reduced 

overall (i.e., a safer system), or whether causation is being “pushed” around the taxonomy (i.e., an 

altered risk-profile). That is, evaluating whether the mitigatory measures applied to one category 

improved safety, or has the risk been pushed to adjacent categories as an emergent property of 

making the changes. 

Such an approach could be applied to safety-critical domains shaped by catastrophic events as a 

proactive preventative measure. These domains include nuclear power plants (e.g., Three Mile 

Island), rail travel (e.g., Ladbrooke Grove), and marine travel (e.g., Titanic). Given the extensive 

focus on analysing these “milestone” accidents in detail, it is unlikely that any new insights could 

be derived. However, this focus will have created an extensive library of analyses, both during 

routine and incident situations, that could be analysed to understand how these domains are 

changing across time. These could be used to understand the changing composition of the domain, 

which might indicate where routine operation and/or safety improvement efforts should be placed. 

For example, the working knowledge of a domain might suggest improvements in one category, 

perhaps due to an overall reductionist approach as identified by Newnam et al. (2017), although 

this might be contradicted by this type of analysis. Consequently, measures can be proactively 

deployed to holistically enhance work and safety within systems. 



Conclusions 

300 

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 McIlroy 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 HMIs. 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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