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ABSTRACT 
In critical scenarios such as power plant management or air 
traffic control, human errors can have critical consequences. 
It is therefore a key concern that operators have a clear 
understanding of the situation at hand. Providing high 
situation awareness when designing interactive systems for 
these users is an important concern: many factors need to be 
considered to avoid hazardous conditions. Situation 
Awareness Oriented Design (SAOD) is a design 
methodology that makes use of design principles as tools to 
guide designers in creating or adapting systems for 
achieving outstanding situation awareness. This study 
focuses on what problems arise when using a selection of 
SAOD principles as the principal tool in the design process. 
The research was carried out using a research-through-
design methodology, where SAOD principles were 
employed for the design of D4SH, an interactive overview 
system in the maritime scope of remote service centres. The 
results indicate four problems that might occur in the design 
process by using these principles. First, principles did not 
help in making design decisions. Second, at times they 
indirectly conflicted with one another when having to make 
a choice. Third, grounded user analysis was needed for the 
correct use of the principles. Fourth, in some instances 
principles highlighted a problem without offering a 
desirable solution. Therefore, the validity of principles in 
the various phases of design is questioned, and some 
implications of using the principles as a complementary 
design tool are suggested. In conclusion, it is argued that 
the problems encountered are a necessary trade-off for 
having a powerful framework that can be successfully used 
in many contexts for situation awareness.  
Author Keywords 
Situation Awareness, Principles, Guidelines, Situation 
Awareness Oriented Design, Dashboard 
INTRODUCTION 
Design principles are a powerful tool in the hands of 
designers everywhere. Whether designing a museum 
exhibition or a video game, designers make a number of 
choices, shaping their designs in a way that they believe is 
the “right way”. In doing so, they abide by design elements 
and design principles that reside in their knowledge and 
experience. In an attempt to find the optimum solutions to 
the “wicked problems” (Rittel and Webber, 1973) that are 
encountered in the process, every decision made becomes 
an element of understanding embodied in the final artefact. 
The designer leaves a trace of the knowledge he/she 

abstracted from previous works and from previous 
experience in this new object. This understanding is often 
consolidated in principles or guidelines for design: small 
pieces of information that capture the discerned knowledge. 
Principles of this sort have been used since the 1980s by 
designers in the field of Human-Computer Interaction 
(HCI), in the quest to design usable user interfaces. 
Following the seminal work of Nielsen and Norman, many 
sets of principles have been proposed, validated and used in 
the field of HCI.  

In 2003, Endsley introduced Situation Awareness Oriented 
Design (SAOD), a three step technique that makes use of 
specifically crafted principles for designing systems that 
support high levels of Situation Awareness (SA). SA, the 
ability of an operator to be aware of the information needed 
for his/her goals, is a predominant concern in many 
settings, such as Air Traffic Control, Command and 
Control, Military and Marine settings (Endsley, 2001). 
While the literature provides examples of SAOD applied, 
little work has been done in validating principles as a 
design instrument. This paper explores the problems that 
arose while using a selection of SAOD principles, therefore 
investigating how a designer can use these as a tool for 
design. As HCI designers employ these principles in 
designing new systems, this piece of research contributes in 
highlighting and discussing problems and considerations 
that a designer must face while doing so. 

After analysing the previous work in HCI principles and in 
SA, this paper examines a selection of SAOD principles 
and their use as a tool in the design of a new system tailored 
for high SA. Using research through design as a method of 
investigating SAOD principles, I engaged in the design of 
D4SH, an interactive dashboard used by remote experts in 
marine remote service centres, allowing them to build a 
fundamental level of SA. The problem scope is that of 
ABB's remote service centres within maritime domains, 
which engage expert and experienced engineers (“remote 
experts”) to remotely troubleshoot any problem that occurs 
with devices and systems that are installed on large vessels. 
The goal of the remote expert is to monitor the vessels, and 
to troubleshoot anomalies and problems that arise on-site.  
Hence, there is a need for remote experts not only to have 
SA of the vessels they are monitoring, but also to have an 
overview of ABB's own field engineers, local service 
centres, and other key units that can coordinate in order to 
solve a problem.  
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The plan of this article is as follows: first, an overview of 
the related work in HCI principles, SA, and SAOD is 
presented. Second, the selection of principles and the 
research method are examined. Third, the results of the 
design process are illustrated and analysed. In conclusion, 
SAOD principles as a design tool are discussed. 
RELATED WORK 
This section presents an overview of the correlated 
literature in design principles for HCI and in SA, with a 
focus on Endsley’s Three-Level Model. Situation 
Awareness Oriented Design is presented, and the research 
question that guides this study is outlined.  
Design Principles for Human-Computer Interfaces 
There does not seem to be a widely accepted and adopted 
definition of what a design principle or guideline is. Other 
works, reported below, often use the terms guideline and 
principle interchangeably, referring to what could be 
envisioned as a general “rule of thumb”. In this study, a 
design principle is considered to consist of general design 
considerations, aiming to inform a designer  about desirable 
or non-desirable characteristics, features, and aspects.  

Dating back more than 30 years, the seminal work by Smith 
and Aucella (1983) is the first that thoroughly collects  
more than 580 principles for usability (in military settings). 
The work was revised three years later, when Smith and 
Moiser (1986) extended the previous anthology for scopes 
other than military. This compendium is referenced as the 
first true collection of principles (“guidelines”, “rules of 
thumb”) for the design of a usable system, and reports a 
total of 944 guidelines. 

In 1988, The Design of Everyday Things is published 
(Norman, 1988), illustrating a series of characteristics that 
usable products need having. Although the book does not 
directly refer to principles of design, or design guidelines, I 
suggest that the characteristics it promotes can be read and 
perceived as broad principles or guidelines that are to be 
used in designing new products. 

Following these works, Molich and Nielsen (1990)  
redacted a small list of principles for the evaluation of an 
interface. This work lead to the publication of Heuristic 
Evaluation of User Interfaces (Nielsen and Molich, 1990), 
an influential paper in the field of HCI, and a seminal work 
in the development of principles for heuristic evaluation. 
By enforcing the use of principles in the user evaluation of 
interfaces, Nielsen prompted the creation and development 
of a diversity of guidelines and principles in a multitude of 
contexts. Hence, from this point onwards many HCI 
practitioners produced principles for use with heuristic 
evaluation, for example in the scope of shared groupware 
(Baker, Greenberg and Gutwin, 2002), or dashboards 
(Maheshwari and Janssen, 2014). 

Other important scientific publications on design principles 
in HCI include the work of Beaudouin-Lafon and Mackay 
(2000), introducing the idea of reification, polymorphism 
and reuse as key HCI principles; and the work of Kamper 
(2002), that suggests Lead, Follow, and Get out of the way 

as three main principles to guide the user trough an 
interface. More contemporary publications involve 
Agrawala, Li and Berthouzoz (2011) that suggests the 
division of principles for design in design rules and 
evaluation criteria. On one hand, design rules are used to 
inform the designer on which choices are viable, and which 
are not desirable. On the other hand, evaluation criteria are 
used to measure what characteristics an effective design 
should have.   

Notably, Tognazzini (2014) published a revised set of 
principles for interaction design, that he refers to as first 
principles. These 50 principles are derived and strongly 
connected to Nielsen’s heuristics. Tognazzini’s work(s) with 
principles within the Nielsen Norman Group encompasses 
and elaborates on much of the previous work in principles 
for HCI. 

In conclusion, depending on the context, finding, 
discerning, selecting and using the principles is a 
responsibility of the designer. As mentioned by Agrawala, 
Li and Berthouzoz, there is not a specific set of rules or 
canons for designing everything, but rather a multitude of 
generic “rules of thumb” that designers study, discern and 
learn from studying previous works in each particular field.  
Situation Awareness 
The first formal and widely accepted definition of Situation 
Awareness was given by Endsley in 1988 as “the 
perception of the 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, 1988, p. 1). According to Stanton, 
Chambers and Piggott (2001), SA can be seen as the result 
of the process that precedes decision making. While SA did 
not receive much attention before the 1990s, there has been 
meticulous work in this field thereafter.  

Three important models have been introduced for 
conceptualising and analysing SA. The Three Level Model 
(Endsley, 1995), The Perceptual Cycle Model (Smith and 
Hancock, 1995), and the Theory of Interactive Sub-Systems 
(Bedny and Meister, 1999). These three models are 
fundamentally different in their approach and description of 
SA, which can be either viewed as a product or as a 
process. While it is not in the scope of this work to detail or 
compare the three models, I refer to Stanton, Chambers and 
Piggott (2001) for a comparison of the three, where they 
conclude that “there appears to be an element of truth in all 
of them” (Stanton, Chambers and Piggott, 2001, p. 10).  
Moreover, they highlight how, while individual SA has been 
widely researched, Team SA is a challenging topic in the 
human factors community. This is also underlined in a 
study from Artman and Garbis (1998), where it is discussed 
and suggested that SA does not sufficiently account for the 
distributed dynamics of cognition. Finally, notably for the 
design scope of this paper, previous research (Gorman, 
Cooke and Winner, 2007) also shows that providing team 
members with a common-picture of the system can greatly 
improve SA. 
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While the topic of SA is strongly debated in the literature, 
for this piece of work I would like to suggest that the three-
level model from Endsley is the most qualifiable, as: (i) it 
appears to be the most developed and built-upon approach; 
(ii) the response from flight crews and air traffic controllers 
is positive (Endsley and Garland, 2000); (iii) it seems to be 
a pragmatic approach that fits thoroughly within the design 
scope; and finally (iv) there has been previous work in 
researching, adapting, and conceptualising principles within 
this model, as described in the next section. Following is a 
concise summary of the Three-Level Model.  

• Level 1 SA - perception of elements in the environment, 
refers to the ability of the operator(s) to perceive the 
values, functioning and status of the system. The kinds of 
information that needs to be mediated vary between 
fields, and the means of delivering this information may 
use different modalities. A previous study (Jones and 
Endsley, 1996) found that 76% of SA errors in aviation 
were related to issues in the level-1 SA of the operators. 

• Level 2 SA - comprehension of the current situation, 
addresses the understanding and interpreting of the the 
data that the system mediates with the operator. Level 2 
SA is determined by the union of level 1 SA and the 
user’s goals and mental model. Providing good level 2 SA 
means allowing the user to understand the importance of 
the pieces of data, and consequently to map the 
information with the current goals the operator is 
pursuing.  

• Level 3 SA - projection of future status, refers to the 
operator being able to predict how the elements of the 
system will vary in the near future. This ability allows for 
the operator to be aware of what will happen if changes 
are introduced or not in the system. 

SA is therefore defined as the product of the operator’s 
cognitive processes, which are influenced by goals,  
expectations, mental models, and schemata. The Three-
Level Model relies on Rouse and Morris’s definition of 
mental models: “Mechanisms whereby humans are able to 
generate descriptions of system purpose and form, 
explanation of system purpose and observed system states, 
and prediction of future states” (Rouse and Morris, 1984, p. 
49). Meanwhile, schemata are defined by Endsley as the 
“prototypical states of the mental model that provide further 
processing efficiencies” (Endsley, 2011, p. 22). Operators 
make decisions based on their SA, and the performance of 
their actions shapes the environment, creating a new picture 
of the system (which is then interpreted again through the 
three levels). External factors, such as stress levels and 
workload, play important roles in this process (Endsley, 
2011). I point to SA Demons (Bolstad, Costello and 
Endsley, 2006), common situations that hinder SA and its 
development, for an overview of how external factors can 
interfere with the evolution of SA.  
Situation Awareness Oriented Design 
Given this definition of SA, the importance of designing 
suitable systems is clear. In 2003, Endsley publishes the 
first edition of Designing for Situation Awareness (Endsley, 

revised in 2011), where the concept of Situation Awareness 
Oriented Design (SAOD) as a design method is presented. 
SAOD is an iterative, tripartite design method (analysis, 
design, evaluation) that characterises itself in the use of 
special SA-constructs in the three phases, as described 
below.  

1. Analysis - Situation Awareness Requirement Analysis. 
The analysis is based on Goal Directed Task Analysis 
(GDTA), a technology-agnostic cognitive task analysis 
technique. The GDTA creates a model of the user’s 
goals and SA requirements for completion of said goals. 
Three constructs shape it: goals, decisions, and SA 
requirements. 

2. Design - Situation Awareness Oriented Design 
Principles: The design phase is supported by SA-
oriented design principles: design principles formulated 
for the scope of SA. Endsley introduces 50 design 
principles divided in six categories: (i) General SA; (ii) 
certainty; (iii) complexity; (iv) alarms; (v) automation; 
and finally (vi) multi operator. These principles are 
broad and not intended to be used as an alternative to 
existing design principles. Rather, they are appropriate 
for better understanding the broader implications of 
cognitive processes, and to complement and augment 
them (Endsley and Hoffman, 2002). Therefore, the 
designer needs to be familiar with general rules of 
design and other design tools, in order to apply these 
principles with success. 

3. Evaluation - Situation Awareness Measurement: The 
third step uses SA-measurement techniques to assess 
how operators respond to the designed system. Formal 
measurement and analysis of SA is a topic that is 
widely discussed in the literature, where many 
techniques have been proposed. I point at the work 
from Endsley and Garland (2000) for a detailed 
description of the main direct and indirect SA 
measurement methods. As SAOD is an iterative design 
process, the findings from phase 3 should be used to 
iterate the design process. 

Moreover, adapting previous work from Norman, Endsley 
introduces the Sacagawea principle: “Human-centred 
computational tools need to support active organisation of 
information, active search for information, active 
exploration of information, reflection on the meaning of 
information, and evaluation and choice among action 
sequence alternatives” (Endsley and Hoffman, 2002, p. 1). 
As the definition suggests, the Sacagawea principle 
describes five sub-principles that a human-centred system 
needs to satisfy. Endsley argues that SAOD designs fulfil 
the Sacagawea principle in all five of its sub-principles, 
therefore, designs produced using this framework prove 
highly usable by the operators.  

The literature contains examples of how SAOD has been 
used as a methodology, for example in the design and 
development of systems for military command and control 
(Endsley et al, 2003), or for disease control (Anderson and 
Bolstad, 2012). To  this paper’s author’s knowledge, there is 
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little previous work on analysing SAOD principles as a 
design instrument. This work intends to be a preliminary 
exploration of how SAOD principles serve as a tool for 
designing a new system. In particular, an analysis of what 
problems occur in this process is suggested. In order to 
keep a limited scope, the initial design only accounts for 
level-1 SA. In conclusion, the research question that guides 
this study is formulated as follows: ”What are the problems 
that arise while using a selection of SAOD principles for 
the design of a new system for level-1 SA?" 
METHOD 
This section describes the principles and how design is used 
as a method to investigate what the problems are in using 
SA oriented design principles. 
Situation Awareness Design Principles  
A small set of principles from Endsley’s (Endsley, 2011) 
previous work were discerned and summarised. Ten 
principles were selected based on the following criteria. 

• In order to keep a limited focus, only general and 
complexity principles were considered, leaving the other  
aspects of SA for future work 

• The scope of this initial work is to provide level 1 SA. 
Consequently, principles that offer guidelines on level 2 
and 3 SA were left for future work.  

• Principles that account for addition of new features were 
discarded as the scope was the design of a new system.   

• Remote experts need to visualise very different and 
complex kinds of datasets. In order to keep the scope of 
this work concise, the aspects of the project strictly 
related to sensors and alarms were left aside, focusing 
more on navigating the system and showing the 
information. Therefore, principles that deal strictly with 
visualisation of alarms data, and principles that deal with 
sensors were discarded in this first design step.  

• Due to the scope being that of an information dashboard, 
principles that involve modalities different than sight 
were discarded. 

• Principles that deal mainly with visual design were 
discarded for the development of the initial low-fidelity 
prototype.  

• Principles that deal with system observability were not 
used for the design of this overview system, as the system 
does not play an active role and thus does not need to be 
“observed”.  

The resulting principles (Table 1) draw attention to various 
general aspects the system needs to fulfil in order for the 
operators to have a high level-1 SA. 
Design-oriented Research 
Design as a methodology for performing research in the 
field of HCI has been subject of debate. Fallman (2007) 
discusses design-oriented research as a research-through-
design process where the focus is on revealing new 
knowledge by studying a design artefact. Differently than 
research-oriented design, where the primary outcome is the 

design itself, the goal of design-oriented research is that of  
revealing new knowledge. This knowledge either comes 
from observing and evaluating the designed artefact in use, 
or as in this case, from observing and analysing the act of 
producing a new object into existence. 

The design of a high-SA information dashboard system for 
remote experts operating in remote service centres serves as 
the design goal for a research-through-design approach. The 
design process was carried out by using sketching as design 
thinking (Fallman, 2003). As Fallman argues, sketching is a 
broad term and in disciplines such as HCI, where sketching 
usually embodies aspects of interactivity, feel, timeliness, 
etc., it often is referred to as “prototyping”. In this case, a 
multifariousness of paper prototypes, video, and interactive 
prototypes were used in order to explore the design space.   

Importantly, the design principles listed in Table 1 were 
used for informing the envisioning of a system that allows 
for high SA. The ten principles were used iteratively in 
three phases of design. First, during the ideation phases, as 
a brainstorming tool to spark new ideas. Second, when the 
designer had to make a choice, as a tool to apprise on 
desirable and non-desirable choices, and to determine the 
most viable one(s). Third, as an iterative evaluation tool, to 
assess whether the designed system was properly following 
the principles, therefore going in the “right direction". In 
order to apply SAOD principles correctly, the problem 
scope was analysed beforehand and a GDTA was produced 
as a result. To focus the study, the design scope included 
three main goals and six sub-goals. 

Two design walkthroughs divided the design process in 
three major iterations. Six experts (all in the field of HCI, 
two in the field of SA) from the User Experience group at 
ABB Corporate Research participated in these walk-
throughs. The goal was that of evaluating, both in regards 
of usability and SA, the current status of the prototype, 
identifying aspects that needed scrutiny. The experts were 
briefed on the design problem and on the design goal, but 
not on this study's research question, in order to avoid any 
bias in their feedback. Both times, a small set of open 
questions were prepared in advance in order to help prompt 
a natural discussion, in a semi-structured fashion. The 
author served both as the scribe and leader of the 
walkthroughs. 

In conclusion, this work closely follows Dalsgård's (2010) 
four requirements for the application of a research through 
design method: genealogy, intervention, argument, and 
discipline and rigor.  The genealogy of the case, its history 
and how principles were used in the design, is described in 
the results. The intervention relies in the analysis of the 
problems that arose. The argument, or contestable 
knowledge this research prompts, is suggested in the 
discussion of principles as a design tool. Discipline and 
rigor are enforced by explicitly defining how principles are 
used throughout the design process, and by keeping a 
design diary and a sketchbook, annotating and motivating 
brainstorming sessions, ideas and inspiration, choices, 

!  4



rationales, usage of principles, problems encountered, as 
well as feedback received. 
RESULTS 
This section shows the results that this study produced. First  
the GDTA is briefly showed and analysed, then the design 
process is presented, highlighting the use of principles.  

GDTA  
In order to keep a small scope for the initial prototype, it 
was decided to leave advanced goals for a second iteration 
of the design, therefore limiting the focus on three of the 
main goals of the operators (Figure 1). The resulting GDTA 
casts a focus on the three areas, and particularly on the data 
-driven approach of overviewing the fleet, and on the goal-
driven approach of assessing priorities and on-site units. 
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Title Summary

1. Organise 
information around 
goals

Information displayed should be organised around the operator’s goal, rather than following a 
technology-driven approach. The GDTA provides knowledge for identifying the goals and the 
information needed for each goal. 

2. Support Global SA While the operator is pursuing a goal, his/her attention is only directed towards a subset of the 
information. This can result in the operator failing to acknowledge other problems while focused 
on a task. Supporting Global SA means giving the operator the ability to attend information about 
the overall status of the system at all times.

3. Support trade-offs 
between goal-driven 
and data-driven 
processing

The system should allow for both goal-driven processing (principle 1) and data-driven processing 
(principle 2), and these modalities should complement each-other. How the user will switch 
between these modalities needs to be taken into account. Misplaced salience should be avoided, 
and cues with high salience should be used carefully to support the switch.

4. Make critical cues 
for schema activation 
salient

The system should include salient cues in order to easily trigger the schema activation of the 
operator. As it is believed that mental models and schemata play an important role in achieving 
high SA,  it is important to allow the operator’s schemata to be triggered with obvious signals in 
the interface. 

5. Use information 
filtering carefully

The filtering of extraneous information is often considered a useful feature that can increase SA, 
reducing information overload. However, information filtering deprives the operator of the critical 
Global SA, reduces the ability of understanding and predicting the system’s status, and finally can 
be subjectively interpreted. Hence, when filtering information, the operator’s ability to develop a 
high SA is easily compromised.

6, Insure logical 
consistency across 
modes and features

The system should be consistent in the way input is entered, modes are presented, and 
information is displayed. Complexity increases if there are inconsistencies in the system. Hence, 
the more modes, modules and features are consistent between each-other, the easier the system 
will be for the operator to use. 

7. Minimise logic 
branches

Modes and quasi-modes increase the complexity of the system by introducing logic branches that 
compromise the ability of the user to form a mental model of it. Modes should be avoided at all 
costs, limiting the number of logic branches the operator needs to handle.

8. Map system 
functions to goals and 
mental models of users

The system’s functions should follow the user’s goals and mental models. GDTA provides insight 
on mapping the user’s goals to system functions. Alternately, the system can help the operator to 
acquire a mental model of the system.

9. Reduce display 
density, but don’t 
sacrifice coherence

High amounts of data to scan through can and will increase the time it takes for the operator to 
locate and retrieve information needed. The tendency of “hiding” data in the interface often 
results in the need of paging through UI components in order to find the information. Great care 
should be taken in not sacrificing coherence for reducing display density. 

10. Minimize task 
complexity

Having operators memorise sequences of interactions, or steps, to perform an action not only 
increases user’s cognitive load, but also interferes with them forming a mental model of the 
system. Errors are easily caused by operators forgetting one or more steps in a procedure. 
Reducing the number of steps needed will reduce the likelihood of errors happening. 

Table 1: Selection of SAOD design principles (Endsley, 2011), summarised by the author of this paper. 



D4SH 
As discussed in the introduction, D4SH is an interactive 
dashboard system designed to provide remote experts an 
interface for overseeing a fleet of vessels, as well as other 
remote or local service centres and on-site engineers. It is 
intended to be an interface that runs on one or more high 
resolution wall displays, and it is possible to interact with it 
through touch input. Three aspects that were investigated in 
this first design phase were how to navigate the interface, 
how to visualise the complex set of fleet information, and 
how to provide tools for powerful search and information 
filtering. A brief summary of the design process is presented 
below. (Principles that influenced the design are shown in 
parentheses.) 

The first concept intended the use of pen-and-touch based 
interface, having different input modalities for pen (content 
creation) and touch (interface navigation), inspired from 
remote experts currently using blackboards to annotate the 
status of vessels. However, this idea was quickly discarded 
as modalities drastically increase the complexity of the 
dashboard (p6, 7), in favour of only using touch controls. 
The interface was then divided in three areas: a map 
visualisation of the objects (“object” refers to any site/
vessel/item), a list visualisation of the objects, and a fleet 
information overview. A problem arose in deciding which 
view should have the visual priority, the map was chosen as 
it better conformed with  the operators' view of of the 
system (and explicitly requested by the operators) (p1). The 
list was kept as a small side panel reflecting the information 
shown on the map. The problem of showing spatially 
condensed information on the map arose, and persisted 
through the consequent phases of the design process (p2, 9). 
Filtering tools consisted in the ability to fade certain subset 
of pins (representing sites), but not completely hide them 
(p5).  Tapping on any of the items in the map would show a 

new screen with information regarding the particular vessel/
engineer/centre. The result of this first design step was an 
interactive system that shows a map, a list and an overview 
of fleet data (Figure 2a), and allows for navigation and 
visualisation of more detailed data. 

After the first walkthrough, a second iteration of the 
prototype was made. The topics discussed in the 
walkthrough were the mapping between the list and the 
map being not clear, pointing in the direction of showing 
only the map (confirming p1 and p8), and secondly the 
need for more geo-located information in order to support 
some of the user's goals (i.e. finding close units to site). 
Therefore, the list was partially removed: only the map was 
shown (Figure 2b), but it was possible to access the list 
from a home screen. The list was kept as the geographical 
representation of data made it complex to show condensed 
information (i.e. crowded ports), and to allow for more 
complex search/filtering tools (p9, 10). It was made 
possible to hide the overview view while using the system, 
therefore leaving more space for the map (although this 
decision seems to conflict with p2, the map provided an 
overview of all data by itself, as the side view was meant to 
be used only in a dashboard-fashion). On the map, pins 
were augmented with the possibility of selecting them, 
showing information directly in the map, without 
transitioning to a new screen (p2, p5). In order to visualise 
warnings and priorities, information regarding vessels in an 
emergency status was made salient (p3) by having pins 
automatically selected. The visualisation of condensed 
information was still a problematic topic, and there was no 
major change yet. This design builds upon the previous 
result by reducing the modalities in which the information 
is shown concurrently, by placing salience on the map, and 
by adding more depth in the visualisation of information in 
the map.  
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3.2 Assess Third-party units near the site2.2 View vessels in commissioning1.2 Assess newly created tasks/warnings

1.1 Assess high priority tasks 2.1 View sailing vessels 3.1 Assess ABB units near the site

2 Assess vessels status1 Assess priorities 3 Provide assistance remotely

A: Assess fleet status

Figure 1: Main and sub-goals of the GDTA. Further subgoals and SA requirements are not reported in this brief.

Figure 2a: first prototype with a list 
and a map. The overview is hidden.

Figure 2b: second prototype showing 
the map and the overview

Figure 2c: one of the visualisations of the 
third prototype: the chords diagram



Following the second walkthrough, the third and final 
iteration of the prototype focused on the visualisation 
aspects of the design space. The main problem highlighted 
in the walkthrough was related to the challenge of 
providing Global SA with a geographical visualisation, and 
some ideas to solve the problem were suggested. Other 
feedback included ideas on possible features and shortcuts 
that the system could include in the future. With big 
datasets, it was problematic to visualise condensed 
geographical information in coastal areas (thousands of 
vessels in hundreds of ports). Using previous work in 
geographical data visualisation (Rendgen et al, 2012; Ware, 
2004) as an inspiration, three possible solutions were 
envisioned: (i) an enhanced map-based visualisation that 
groups vessels in ports and shows port-related data, and 
converts to a regular map when zoomed; (ii) An abstract 
representation of ports as first class objects, geographically 
positioned, and connected by lines that represent sailing 
vessels (similar to a network map); (iii) and a chord 
diagram that represented ports and vessels sailing from one 
port to another (Figure 2c). Being unable to evaluate which 
was the best alternative, all three were kept in the final 
prototype, leaving the problem open for future research and 
user-evaluation. Although the three interfaces work in 
different ways, the selection, filtering mechanisms, and 
icons were kept consistent throughout the three (p5, 6). The 
idea of visualising information in a new screen was left 
aside as the goal was that of providing global SA (p2). 
Therefore, when a site is selected information is partially 
embedded in the visualisation and partially shown outside 
of the map, without obscuring any content. Finally, as 
D4SH was meant as a tool for consuming content, rather 
than creating content, a feature allowing remote experts to 
dispatch information to their personal workstation was 
added. 
ANALYSIS 
The analysis is based on the design diary, which had 32 
entries by the end of the process, one full 80-pages 
sketchbook, three digital wireframes composed by an 
estimation of 30 screens (in total), and a video prototype. 
The study of the design process identified four problems 
with the principles (Table 2). Problems encountered were 
then classified either as general or principle-specific 
problems, and either as major or minor problems. Minor 

problems did not have a meaningful impact on the design 
process, while major problems influenced (or rather, failed 
to influence) the outcome in a significant manner.  
General Problems 
The problems outlined in this sub-section are issues that 
cannot be attributed to a specific principle but rather to the 
broader selection of guidelines used in this study.  
Issue 1 
In many cases principles were not successfully used as a 
tool for making design decisions. Numerous times during 
the design process a choice needed to be made, but 
principles did not help in identifying what would have been 
the right choice, neither did the principles help in clearly 
identifying desirable attributes the right choice should have 
had. The first occurrence of this problem was when 
deciding whether to use a map-based visualisation or a list-
based visualisation for the main system visualisation. Both 
were desirable options: the geographical way of visualising 
vessels conforms to the operators' view of the fleet and 
supports goal-driven processing, while using a list based 
visualisation can reduce display density and better support 
data-driven processing. The second major circumstance of 
this issue was when deciding which pins the system should 
show on the map. One simple idea was to show every entity 
as an item, one other idea was to only  show vessels, as they 
are the most important piece of information. More complex 
filtering and contextual item visualisation were proposed; 
while principles did indeed help inspiring new ideas and 
refining them, they did not help in identifying which ideas 
were the most suitable (which could have happened by 
defining prioritised desirable characteristics). On one hand 
the “showing all” idea supported global SA, matched with 
the mental model of users, and fit the idea of an overview 
display, on the other hand the “show less” idea(s) made the 
system less “dense” and matched with the goal model of the 
users. In both cases, principles did not help in making a 
choice. After analysing the results it is clear that, when 
possible, other tools were used to inform my choices, 
namely discussing with other experts during the 
walkthroughs; consulting other related work in the field; or, 
in the last case, not being able to take a choice and leaving 
the problem open for future research.  
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Problem summary Severity Principles

I1 Principles were not a helpful tool in supporting decision making: when the designer had to 
make choices between desirable solutions. 

major general

I2 When making a design choice, different alternatives were often supported by different 
principles. 

minor general

I3 Some SA principles need knowledge, previous analysis, and possibly access to the users in 
order to be applied, and this knowledge is not always fully encompassed by the GDTA

major 4

I4 Principles prompted a thinking ahead approach, thinking of problems before they arose. 
Although sometimes they did not offer any way to actually approach these problems. 

minor 3, 5

Table 2: summary of the problems encountered with the principles.



Issue 2 
Moreover, the examples above show that when using 
principles as an aid for decision making it is possible for the 
principles to conflict. When considering principles in-a-
vacuum they do not conflict. However, while evaluating 
two possible alternatives, I found that at times it was 
possible for different principles to support different 
alternatives, having one or more principles supporting one, 
and one or more supporting the other. In one of the example 
shown above, when having to decide between a list-based 
visualisation or a map based visualisation, one alternative 
better supported Global SA (principle 2) by visualising all 
the information at all times, but in order to do so the 
information was no longer strictly mapped around goals and 
the mental model of users (principle 1). The result was that 
there was at least one principle supporting either 
alternative. This did not happen every time a choice needed 
to be made: for example, when evaluating the three final 
visualisation techniques, the principles did not clearly 
support one or another. 
Principle-specific Problems  
Some issues occurred when applying (or in the inability to 
apply) particular principles to the design of the system, as 
reported below.  
Issue 3 
SAOD principles do require extensive data about the users, 
and possibly, access to them during the design phase. This 
is not a problem per-se, as many principles are based on the 
GDTA analysis. Yet, this becomes a problem when the 
principles require knowledge that is not completely 
encompassed in the GDTA. This particular problem 
occurred in this paper’s design process with principle 4, that 
takes into account the mental model of users for schemata 
activation. The principle states that clues for schema 
activation should be made salient. Most of the times the 
principle was considered, its application became 
problematic, because clear knowledge on the specific 
mental model and schemata of the user is necessary (and 
only partially covered by the GDTA). Therefore, principle 4 
was loosely and rarely applied in practice.   
Issue 4 
Furthermore, multiple times some principles failed to direct 
the designer in one particular direction. In other words, 
these principles highlighted the importance of certain 
features, however they did not provide hints on how to 
approach these features in a desirable way. For example, 
this problem occurred when designing the filtering feature 
for the map/list visualisation. Principle 5 outlines the 
importance of providing a powerful filtering tool, but does 
not describe what exactly makes a filtering tool powerful or 
how to design such a tool. Therefore, the principle was 
useful in placing salience on the matter, but not particularly 
in approaching it. The same problem manifested with 
principle 3 when designing the anomaly notifications: it 
outlines the importance of supporting tradeoffs between 
goal-driven processing and data-driven processing, however 
it does not strictly specify or suggest ways to approach the 
matter.  

DISCUSSION 
In this study a subset of SAOD design principles were used 
in the design of a system for high level-1 SA. Problems 
encountered in the process were reported. By analysing the 
influence of the principles in the design process, discussing 
the categorisation of these, and finally indicating 
considerations on SAOD principles, this section elaborates 
on the possible consequences of this study. 
Influence in the Design Process 
By examining the results produced by this study, I indicate 
that principles were implemented in each of the activities 
undertaken during the design process: ideation, decision 
making, and evaluation. SAOD Principles were not 
considered an extraneous instrument, but were 
complementary to the other tools used in the design 
process. The final result was strongly influenced by the 
principles used in the design process. Therefore, as the final 
product is shaped by the tools used to build it, I claim that 
the validity of the design is dependent on the validity of the 
principles used to achieve it. While it is left for future work 
to validate this design and Endsley's principles, the 
problems that arise in the application of these are a way to 
explore the validity of SAOD principles as a design tool. As 
more powerful tools can empower the creation of new 
artefacts, this work can also be intended as new insight on 
how to implement or improve SAOD principles.  
A Tool for Designers 
Principles were a useful tool in the inspiration and 
evaluation parts of the design, and they were intrinsically 
used as a tool for discerning desirable alternatives from 
non-viable ones. However, this study's analysis suggests 
that principles were not a powerful instrument for decision 
making. 
Ideation and Evaluation 
Ideation and evaluation were supported by the principles. 
On one hand, ideation was supported in various ways. 
While brainstorming, principles often acted as ways to 
spark new ideas or to build upon other ideas. While 
sketching and prototyping, principles influenced the design 
by influencing the designer's desires and priorities. On the 
other hand, evaluation was supported by using principles as 
a list of either desirable features the final design should 
have had, or as non-desirable characteristics that should 
have been avoided.   

Principles are useful for highlighting particular features or 
aspects of the project, directing the designer's attention 
towards these aspects. However, The designer should be 
particularly aware about the fact that there might exist other 
features and aspects, perhaps particular to the specific 
design space, that need to be kept under consideration. In 
the case of this paper, the design of D4SH is tightly 
developed in areas covered by principles, but more loosely 
evolved in aspects that are not covered by the principles. I 
suggest that the principles direct the attention of the 
designer toward critical aspects that absolutely need to be 
taken under consideration, but the designer should be ready 
to identify other elements that need scrutiny. 
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Decision Making 
Although decision making was not supported to the same 
level, I suggest that principles helped the designer at a basic 
level of decision making: discerning desirable choices from 
non-desirable ones. While principles might not have helped 
in choosing between a set of alternatives, principles had a 
key role in determining the desirable from the non-
desirable. For example, before arriving at two possible 
alternatives, many others were discarded because they did 
not conform to the principles. This partially supports the 
classification of Agrawala, Li and Berthouzoz (2011), who 
divides principles in design rules and evaluation criteria. 
While the theoretical distinction is clear, I would suggest 
that in practice it is less obvious, as some of the principles 
could be interpreted both as design rules and as evaluation 
criteria. For example, principle 7 could be interpreted as a 
design rule stating that desirable designs do not have logic 
branches, but it could also be interpreted as an evaluation 
criterion describing that more desirable designs have less 
logic branches. Therefore, I suggest that principles are not 
divisible in design rules or evaluation criteria, but can be 
used both as design rules and evaluation criteria.  

Especially in the process of decision making and 
inspiration, the findings outline that other aids were utilised 
in the design process, such as examining related work in 
other disciplines, or consulting other experts during the 
walkthroughs. This confirms Endsley's previous description 
of SAOD principles (Endsley and Hoffman, 2002), where 
they are described as a complementary tools to other, more 
specific, design instruments (and, I would add, techniques). 
Hence, I suggest that SAOD principles are but one of the 
various tools that can be introduced in the design process, 
and that other tools (even other principles) might need to be 
used as a support.  

In this paper’s case, the walkthroughs acted as an additional 
tool to address specific design questions, as well as spark 
discussion on the prototype, help assess issues, and identify 
points that required scrutiny. The walkthroughs were 
prompted in a semi-structured fashion, and a natural 
discussion regarding various aspects of the prototype 
followed. Although the principles were rarely directly 
mentioned in the walkthroughs, aspects covered by the 
principles were discussed with the SA experts. While it is 
not in the scope of this research to highlight how principles 
cover SA-specific topics, at least once the feedback 
received from the SA experts confirmed the principles. No 
major nor critical issue was identified by the experts that 
had not been highlighted before with the use of principles, 
however the experts provided insight on how to assess these 
issues (and identified other non-critical issues). This 
suggests that the walkthroughs did not alienate or divert the 
design, but rather complemented the use of principles. 
Hence, I table that in this instance the walkthroughs 
provided a tool to compensate and inform, particularly 
when making decisions, without interfering with the actual 
use and direction of the principles.  

Moreover, the D4SH prototype seems to comply with the 
Sacagawea principle (Endsley and Hoffman, 2002). It 

supports active organisation, search and exploration of the 
information through the main visualisations and tools, as 
well as reflection on the meaning of information through the 
ability to augment objects, and finally evaluation and 
choice among sequence alternatives by providing consistent 
and explicit tools. This supports Endsley and Hoffman's 
conclusion that SAOD designs fulfil the core Sacagawea 
principle. 
SAOD principles and HCI principles 
In comparison with other HCI principles, SAOD principles 
seem to present knowledge in a more abstract form. It is 
frequent for HCI principles, such as the first principles 
(Tognazzini, 2014) or Nielsen's heuristics (Nielsen and 
Molich, 1990) to encompass much of the knowledge in the 
principle itself. However, SAOD principles tend to operate 
at a more abstract level, frequently requiring previous or 
external knowledge and analysis in order to be applied (for 
example, from the GTDA). In other words, I suggest that 
while most HCI principles can be considered independent 
pieces of knowledge, SAOD principles often revolve on 
external knowledge acquired beforehand. Hence, using 
SAOD principles in the design process could have a 
different cost in terms of time and resources compared to 
other HCI principles. However, I conclude that the 
criticality of providing high SA should offset these extra 
costs.  

In conclusion, I point at SAOD design principles as broad 
and general guidelines that a designer has to interpret and to 
apply in a particular design space. Therefore, it seems 
possible for problems such as principles conflicting to be 
rooted in the designer's interpretation of principles. This 
also reinforces the idea that SAOD principles are to be 
complemented with other design tools and resources. 
Moreover, finding alternatives that are supported by more 
than one principle is perhaps related to the designer having 
a broad interpretation of the guidelines, therefore being able 
to map different choices to different principles. However, 
this is a necessary downside for having broad, versatile 
guidelines that can be applied to many other situations. 
Losing the openness of the principles would lead to stricter 
rules, possibly altering the ability to apply them to a 
multitude of settings for SA.  
Method and Future Work 
In hindsight, the method used for this research proved to be 
a valid choice, and the design scope to be challenging 
enough to implement the principles and provide analysable 
results. However, although the design process was 
approached in a scientific way, recording and analysing 
every step, part of the knowledge and choices that 
underwent into it were still a product of the designer's 
experience and expertise. Some results could be specific to 
this instance of design, and other applications of the same 
methodology in a different setting could yield different 
findings. Moreover, having implemented the remaining 
SAOD principles, or changed the design scope, might have 
introduced slightly different problems and considerations.  
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Therefore, the results hereby described are but one initial 
step in the direction of validating SAOD principles. Future 
work in this scope should aim at validating or reproducing 
the results hereby described (expanding the broad focus this 
design undertook), providing other considerations, and 
trying to augment and complement Endsley's principles in 
account of the problems found. Future work on extending 
the D4SH prototype should focus on iterating SAOD. A 
case study thereof could prompt an analysis and evaluation 
of SAOD as a methodology for the design of high-SA-
systems.  

CONCLUSION
This study analysed the use of SAOD principles in the 
design of a new system for high level-1 SA. A selection of 
principles were discerned based on a number of criteria, and 
these were used as a tool in the inspiration, creation, and 
evaluation of an early prototype. The prototype underwent 
three iterations, and by inspecting the process and the 
result, as well as the diary and the notebooks, four problems 
that arose while using SAOD principles were found and 
analysed.  

The analysis shows two major and two minor problems. 
First, the principles were not used successfully as a tool for 
making decisions, instead other methods were used to 
inform the designer's choices. Second, in contrast to other 
principles in the HCI literature, some SAOD principles 
require previous analysis in order to be applied 
successfully, knowledge that has to be acquired beforehand. 
Two minor problems were also highlighted. First, principles 
indirectly conflict with one another, sometimes supporting 
different choices. And second, principles place salience on 
problematic areas without suggesting a desirable solution or 
approach.  

Based on these results, It is suggested that SAOD principles 
are a powerful tool in the ideation and evaluation parts of a 
design process. Moreover, principles can also be used with 
a degree of success in the decision making thereof, as a tool 
to discern desirable options from non-viable ones. The 
difference with other HCI principles is briefly analysed, 
suggesting that SAOD principles cannot be used 
successfully in the design of a new system without previous 
user analysis and studies. In conclusion, it is argued that the 
problems encountered are a necessary tradeoff for a 
versatile tool for the design of systems enabling for 
Situation Awareness in a plethora of scenarios.  
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