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ABSTRACT  
SubSafe is a prototype interactive 3D spatial awareness training tool, designed to supplement legacy training media 
currently in use by Royal Navy (RN) submarine qualification (SMQ) instructors.  SubSafe also provides a virtual 
vessel for SMQ student “visits”, for those occasions when no real boats are alongside, or, when they are, they are 
not in an appropriate condition to support onboard learning, due to refit status.  Navigating decks and compartments 
in a “first-person” mouse-and-keyboard game style,  SMQ students have access to all decks forward of Bulkhead 59 
(i.e. from the Control Room forward), comprising over 30 compartments and 500 objects – including major safety-
critical items, such as fire extinguishers, hose units, high-pressure air valves, and emergency breathing system 
masks.  A statistical analysis of knowledge transfer data, collated over a year of experimental trials undertaken in 
collaboration with the RN’s Submarine School, revealed that use of the simulation during classroom training 
significantly improves the final “walk-round” performance of students (onboard an actual submarine) when 
compared to that of a control group.  Further experiments have investigated the optimum presentation times for 
SubSafe, comparing a single exposure of the simulation to SMQ students at the end of their 6-week training régime 
to course-specific exposures during weeks 2 to 4.  Significant attitudinal changes have also been recorded, with 
participants responding more positively to the notion of using games-based simulation in mainstream RN training 
after exposure to SubSafe. 
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1. INTRODUCTION  
 
Two incidents involving submarines of British origin 
have stimulated international naval forces to reassess 
the way in which submariners are trained, particularly 
with regard to their spatial knowledge of onboard 
safety-critical and life-saving items of equipment.  The 
first incident occurred in October 2004, when the 
Canadian diesel submarine HMCS Chicoutimi (ex-
HMS Upholder) was struck by a large wave whilst 
undertaking a North Atlantic crossing.  Water entered 
the vessel through open fin hatches, causing an 
electrical short circuit.  The ensuing fire disabled nine 
members of the crew due to smoke inhalation, one of 
whom later died.  The second incident occurred 
onboard the British nuclear attack submarine HMS 
Tireless in March 2007, whilst conducting under-ice 
exercises north of Alaska.  During what should have 
been a routine lighting of a Self-Contained Oxygen 
Generator (SCOG) – part of the survival equipment in 
the submarine’s Forward Escape Compartment 
(FEC) – the generator exploded, resulting in two 
fatalities. 
 
Innovative technology-based techniques for providing 
safety training to submariners in a classroom setting, 
prior to exposing them to a real boat environment, 
have been under investigation in the US, UK and 

Australia since the early 1990s [Stone et al., 2009].  
For example, Vickers Shipbuilding & Engineering Ltd 
(today part of BAE Systems) was part of a 
collaborative study in the early 1990s, the aim of 
which was to exploit Virtual Reality (VR) technologies 
to remove the need to build and maintain costly scale 
models of submarine compartments for training and 
maintenance activities.  Also in the early 1990s, 
Rolls-Royce & Associates also exploited interactive 
3D models for ergonomic trials relating to 
maintenance activities and radiation protection.   
 
In 1999, and driven by the diminishing access for 
submarine students to real vessels for the purpose of 
familiarisation training, evacuation procedures, safety 
equipment location and incident muster procedures, 
Flag Officer Submarines (FOSM) commissioned a 
short study to revisit the potential of VR to 
revolutionise the delivery of submarine qualification 
“dry” training (SMQ(D); Stone [2002]).  A limited 
demonstration was delivered as part of this study, 
consisting of an outline 3-dimensional model of a 
Trafalgar Class submarine, together with a more 
detailed representation of the Forward Escape 
Compartment (FEC).  Within the FEC, simple virtual 
images were “blended” with digital photographic 
“panoramas”, enabling the student to move around 
the compartment and to launch more detailed images 



Figure 1: SubSafe virtual submarine alongside 
 

Figure 2: SubSafe compartment examples: control 
room (upper image) and weapons stowage (lower 
image) 
 

of specific locations and equipment “cut-away” 
models, showing key processes when required (e.g. 
emergency high-pressure air blow cause and effect). 
 
Interest in the use of interactive 3D media was 
resurrected in 2006, when the UK’s Human Factors 
Integration Defence Technology Centre (HFI DTC) 
was approached by representatives of the Ministry of 
Defence’s (MoD’s) Submarine Integrated Project 
Team (IPT).  Having been made aware of the original 
FOSM report and being au fait with other defence 
games-based and 3D simulation projects, sufficient 
interest had been generated within the MoD to enable 
the SMQ(D) project to be revisited.  As the SubSafe 
project developed, additional stakeholders were 
attracted, including the SMQ (South) Instructor Team 
at HM Naval Base, Devonport and the Royal Navy 
(RN) Submarine School at HMS Raleigh.  As the 
project progressed over an initial 2-year period, more 
potential stakeholders came forward from HM Naval 
Base Portsmouth, the Maritime Warfare School at 
HMS Collingwood and HM Naval Base Faslane (SMQ 
[North]).  The challenge given to the HFI DTC by the 
Submarine IPT was to develop a more 
comprehensive interactive 3D model of a Trafalgar 
Class submarine than had been delivered previously 
to FOSM.  In addition, the DTC was required to 
evaluate that model as part of SMQ(D) training, and 
to establish if such an interactive model could 
enhance the transfer of students’ spatial knowledge 
from the classroom to the actual submarine, over and 
above that delivered using standard PowerPoint, or 
“chalk-and-talk” delivery techniques. 
 
1.1 SUBSAFE VIRTUAL ENVIRONMENT 
 
Version 1 of SubSafe [Stone et al., 2009] consists of 
a 3D model of a British Trafalgar Class SSN, moored 
at a virtual reconstruction of part of HM Naval Base in 
Devonport (Figure 1).  The computer-generated boat 
can be explored by student submariners in a “first-
person” game style (see also Stone [2010]) – 
navigating decks and compartments forward of 
Bulkhead 59 simply by using a PC or laptop mouse 
and the arrow keys of a conventional keyboard.  All 
decks forward of Bulkhead 59 have been modelled 
with “landmark” navigational features in mind (after 
the spatial awareness research of Siegel and White 
[1975] and others, summarised in Stone et al., 
[2009]).  Each deck and compartment possesses key 
items of safety-critical and life-saving equipment, 
such as fire extinguishers and hose units, high-
pressure air valves, emergency breathing system 
(EBS) masks, and so on.  Although it has not been 
possible to include every valve, pipe and subsystem, 
the virtual submarine model consists of some 30 
compartments (e.g. Figure 2) and 500 different 

objects.  Key valves, items of safety equipment, 
hatches, doors and panels can be selected, 
“extracted” and manipulated for more detailed 
inspection using simple “point-and-click” mouse 
inputs.  This includes objects located behind 
cushions, cupboards and other removable panels 
within mess areas and accommodation spaces.  The 
software development toolkit underpinning this first 
version of the SubSafe tool, Ogre3D, can be 



downloaded from the Web, is distributed completely 
free of charge and can be hosted on a low-cost laptop 
equipped with a reasonable graphics card. 
 
1.2 ROYAL AUSTRALIAN NAVY LASTS PROJECT 
 
During the same period of development for SubSafe, 
the Royal Australian Navy also started an 
investigation of games-based training technologies.  
Their Location and Scenario Training System 
(LASTS) set out to exploit computer games in the 
training of submariners joining Collins Class 
submarines.  LASTS currently takes the form of a 3D 
reconstruction of the Collins Class Main Generator 
Room (MGR) and is powered by the Unreal 
Tournament games engine.   
 
An experimental project designed and conducted by a 
student at Perth’s Edith Cowan University presented 
participants with a simplified exercise requiring the 
location of items relevant to a 12-point Safety Round 
performed inside the MGR (Garrett, 2007).  Five 
student submariners were exposed to LASTS and 
were then required to conduct the same exercise on-
board a Collins class submarine. This mode of 
learning was compared to traditional non-immersive 
classroom teaching involving five additional student 
submariners who were also required to complete the 
same exercise inside the MGR.  A mixture of 
qualitative and quantitative approaches to data 
collection and analysis was used to ascertain the 
effectiveness of LASTS as well as the contributing 
factors to this and learners’ perception of the value of 
the environment. The research is ongoing, but 
preliminary results suggest that training within LASTS 
was equally, if not more effective than traditional non-
immersive training methods. There is also some 
evidence to suggest that the LASTS students 
possessed a better overall spatial representation of 
the MGR compared to those who received traditional 
classroom-based training. 
 
2. SUBSAFE HUMAN FACTORS EVALUATION 
 
The evaluation of SubSafe was conducted in two 
phases: Phase 1, a pilot study, and Phase 2, a 
continuation study based on the findings of Phase 1.  
The key objective of both phases was to evaluate the 
effectiveness of the SubSafe spatial awareness 
trainer as a supplement to current SMQ(D) 
classroom-based training.   
 
The main hypothesis underpinning the SubSafe 
evaluation was that real-time, interactive 3D training 
afforded by the simulation would enhance students’ 
abilities to locate safety-critical items of equipment 
onboard a Trafalgar class submarine platform during 

“walk-round” tests held in the final week of their 
seven-week SMQ(D) course.  In addition, both the 
pilot study and the continuation study sought to 
capture the reactions of the student participants and 
SMQ Instructors to SubSafe as a training device. 
 
2.1 PHASE 1 EVALUATION DESIGN 
 
The evaluation protocol was developed in close 
consultation with Devonport SMQ(D) instructors.  
Particular consideration was given to the logistics of 
integrating the study into the SMQ(D) course format 
to minimise any disruption to training, to limit the 
number of personnel involved and to optimise 
resources (e.g. boat access).  Ethics approval to 
conduct the evaluation was received from the Ministry 
of Defence Research Ethics Committee (MoDREC). 
 
An independent-groups experimental design was 
employed.  There was one independent variable, the 
method of presentation of SubSafe, with three levels 
(i.e. three different methods of presentation).  Hence 
there were three experimental groups: 
 
 Control Group,  who were not given access to 

the SubSafe system; 
 “Passive Presentation” Group,  who received 

an instructor-led presentation of SubSafe using a 
data/video projector and screen to illustrate the 
layout of the boat and the location of safety-
critical items of equipment (Figure 3); and 

 “Free-Roam” Group, who were given hands-on, 
first-person access to SubSafe and were required 
to navigate the virtual submarine model in real 
time, searching for the same specific items of 
safety-critical equipment as had been presented 
to the Passive Presentation Group. 

 
Participants in the Passive and Free-Roam groups 
were given access to SubSafe at a convenient point 
during week six of their SMQ(D) course, a week 
normally reserved for revision activities (note that 
SubSafe access did not compromise the participants’ 
revision schedules). 
 
The main measure of participant performance (the 
dependent variable) was their accuracy in specifying 
the location of selected items of equipment, as judged 
by an accompanying instructor whilst undertaking 
their week seven walk-round test onboard an actual 
Trafalgar Class submarine.  Twenty-six items of 
submarine equipment were selected for inclusion in 
the test on the basis that they are safety critical items 
with which all submariners are required to be familiar 
prior to joining a boat for the first time.  In addition to 
the walk-round test, participants’ reactions to 
SubSafe as a training device were captured by 



Figure 3: SubSafe classroom (“passive”) 
presentation 

means of a post-trial questionnaire.  The 
questionnaire was administered to all participants, 
including the control group, who were given access to 
SubSafe only after they had completed their walk-
round tests. 
 
In order to gauge participant attitudes towards the 
potential use of games technology for training, and 
their feelings about usage of computer technology in 
general, two further questionnaires were administered 

pre- and post-trials during Phase 1.   
One of these instruments was a Computer Self 
Efficacy Questionnaire (CSEQ), based on the work of 
Murphy et al. [1989] and Torkzadeh & Koufteros 
[1994] and addressing attitudes towards the 
exploitation of gaming technologies.  The second was 
a Computer Anxiety Rating Scale (CARS), based on 
Heinssen et al. [1987], which requires participants to 
rate their anxiety about using computers.  Both 
questionnaires employ 5-point Likert scales to 
capture participant responses to a number of 
statements, where an answer of ‘1’ corresponds to 
‘Strongly Disagree’ and an answer of ‘5’ corresponds 
to ‘Strongly Agree’, with ‘3’ indicating ‘Neither Agree 
nor Disagree’. 
 
2.1 (a) Participants 
 
Participants in the study were all students on the 
RN’s SMQ(D) course, all of whom had volunteered to 
take part in the trials.  Participants completed a short 
background information questionnaire providing 
demographic data and information on their computer 
games playing experience in addition to the normal 

consent forms and briefing sheets.  In all, 85 SMQ 
students took part in the Phase 1 study, although one 
participant had to withdraw due to an adverse 
reaction to the virtual environment (showing classic 
symptoms of “cybersickness”, e.g. Kolasinski [1995]; 
Stone [1997]).  Participants’ ages ranged from 17 to 
38 years, with a mean age of 22.67 and a standard 
deviation of 4.44.  The majority of participants 
(88.1%) had a history of playing computer/video 
games.   
 
2.2 PHASE 1 RESULTS 
 
A total of six trials were successfully completed (two 
trials for each of the three experimental groups).  The 
total number of correct responses was recorded for 
each participant, from which mean scores on the 
walk-round test were calculated for each 
experimental condition.  These are shown in Table 1. 
 

Table 1: Mean Scores and Standard Deviations 
from the Week 7 Walk-Round Test Data  

(Phase 1 Study) 

Condition Mean Standard 
Deviation n 

Control 
Group 24.19  1.877 26 

Passive 
Group 25.43 0.920 28 

Free-Roam 
Group 25.33 0.994 30 

 
Observation of the test scores showed that there was 
some variation in mean scores due to test condition.  
It can be seen that the highest mean score was 
achieved by the Passive Group, then the Free-Roam 
group, with the Control Group being the lowest 
scoring condition.   
 
To test whether the differences between the groups 
was statistically significant the data were entered into 
a one-way Analysis of Variance (ANOVA) which 
produced a significant main effect on test score 
(p=0.014).  To further explore the differences in the 
test scores, planned comparisons were performed on 
the data.  These comparisons revealed that using 
SubSafe significantly increased the test scores of the 
Passive and Free-Roam groups compared to the 
Control Group (p=0.005).  However, there was no 
significant difference in test scores between the 
Passive and Free-Roam modes of presentation of 
SubSafe. 
 
It is important to note that the SubSafe evaluation 
study made no restrictions on boat access by student 
participants (as boat access is a key element of their 



SMQ training).  However, records of boat access 
hours were made for trials two to six from which 
mean boat hours were calculated for each condition.  
These are shown in Table 2. 
 

Table 2: Mean Boat Access Hours 

Condition Mean Standard 
Deviation n 

Control 
Group 20.78  3.37 16 

Passive 
Group 19.14 5.15 28 

Free-Roam 
Group 21.13 3.94 30 

 
It was found that there were no significant differences 
in boat access hours between the three experimental 
groups (p=0.2), so there was a fair degree of 
confidence that the finding reported above was 
achieved independently of the number of hours of 
boat access. 
 
2.2 (a) CSEQ and CARS Data Analyses 
 
Within the CSEQ, a specific question relating to the 
use of modified computer games for training was 
analysed to determine whether participation in the 
trial had affected participants’ opinions about this 
subject.  At pre-assessment, 10 participants in the 
control group agreed with the statement “Modified 
computer games offer a credible future solution for 
real-world training applications”, as did 12 in the 
Passive condition and 15 in the Free-Roam condition.  
Those who disagreed or rated their response as 
neutral at pre-assessment consisted of 6 participants 
in the Control Group, 16 in the Passive Group, and 14 
in the Free-Roam Group.   
 
At post-assessment, participants were asked the 
same questions, and this time 12 in Control, 16 in 
Passive and 18 in Free-Roam agreed with the 
statement, in comparison to 4 in Control, 12 in 
Passive and 11 in Free-Roam, who disagreed or 
provided a neutral response. 
 
An analysis of the CSEQ data using Tamhane’s T2 
test for significance, which is robust with samples of 
unequal variance, identified that there was a 
significant difference between the Control Group and 
the Passive Group (p=0.014) and between the 
Control Group and the Free-Roam Group (p=0.037), 
but not between the Free-Roam and Passive Groups 
(p=0.991).  This suggests that taking part in the trial 
had the effect of increasing participants’ belief in the 
utility of games technology for training applications, 
even in the control condition, where students were 

not exposed to SubSafe until after the data from 
these questionnaires had been collected.  The post 
hoc analysis, however, shows that this effect was 
increased in the Free-Roam and Passive conditions, 
possibly due to exposure to SubSafe itself in a 
training context. 
 
As far as the results of the CARS questionnaire were 
concerned, overall anxiety relating to computer usage 
was low across all conditions, and there was little 
change in responses pre- and post-assessment.  Due 
to the low amount of variation apparent in these data, 
no further statistical tests were conducted.  It would 
appear that participation in the SubSafe trial had no 
appreciable effect on participants’ attitudes towards 
computer usage. 
 
2.2 (b) SubSafe Questionnaire Feedback 
 
On the whole, participants commented positively on 
SubSafe.  Quoting from the questionnaire returns, 
they suggested that SubSafe was easy to use and 
realistic; for example, SubSafe is ‘modern, easy and 
understandable’; ‘simple and user friendly’; and ‘it is 
realistic and clear to understand’.   
 
Participants recognised the benefit of SubSafe when 
boats were not available alongside; for example, ‘a 
useful tool when you are unable to get on a boat’; 
‘boats are not always available, but SubSafe is’; and 
‘of help when boat access is not available’.  However, 
two participants were concerned that SubSafe may 
replace actual boat access.   
 
Students appreciated being able to move around the 
virtual boat in their own time; for example, ‘you don’t 
get in everyone’s way so you can spend a long time’; 
‘often it is busy and certain areas are difficult to get 
to, I think [SubSafe] would assist with that’; and ‘gives 
you the chance to look around when the boat is busy’.   
 
In addition, some participants saw SubSafe as being 
a viable revision tool, preparing them for their walk-
round tests; for example, ‘[it could] be really helpful 
with revision’, ‘reinforce what you learn in the day’; ‘it 
would help get the layout of the submarine in your 
head’; and ‘it helps with walk-rounds’. 
 
In terms of future SubSafe developments, some 
participants suggested extending the model to include 
compartments aft of Bulkhead 59; for example, ‘add 
back aft’; also increasing labelling ‘…some more 
labelling on panels, equipment and valves’; and 
incorporating some game elements; for example, 
‘…possibly have a question and answer, finding 
valves etc’; and ‘… you could have situations occur 
i.e. fire’. 



 
Positive feedback was also received from the 
SMQ(D) instructors, who were eager for the 
opportunity to integrate SubSafe into the SMQ(D) 
course, and were disappointed that their access to 
the simulation had to be restricted during the trial 
process.  They were also keen for SubSafe to be 
developed by modelling compartments and objects 
aft of Bulkhead 59, to fully support the delivery of the 
SMQ(D) course, again to cope with the situation 
when students have no access to actual submarine 
platforms due to operational commitments or 
maintenance activities 
 
2.3 PHASE 2 EVALUATION DESIGN 
 
Having established from the Phase 1 Study that 
students performed significantly better on their week 
seven walk-rounds when they had been given access 
to SubSafe in either a Passive or Free-Roam mode of 
presentation, it was decided to investigate the 
efficacy of a further presentational mode, described 
as “Enhanced-Passive”.  The design of the 
Enhanced-Passive presentation condition arose from 
feedback from the SMQ(D) instructors, in particular 
their wish to make more use of SubSafe throughout 
the course, rather than simply using it as a week six 
revision tool.   
 
Working in consultation with the instructors it was 
identified that SubSafe would add most value to the 
course if it was integrated into specific lessons 
scheduled for weeks two to four, when students were 
first becoming familiar with different compartments 
and onboard items of equipment.    Accordingly, the 
week two, three and four lesson plans were marked 
up to show when SubSafe was to be presented to the 
students and which compartments and items of 
equipment it would be used to show.  Specifically, 
these lessons relate to such topics as High-Pressure 
Air, Emergency and Built-In Breathing Systems (EBS 
and BIBS), Ventilation, Submarine Escape, Trim, 
Bilge and Ballast, and so on.  
 
Participants were once again recruited from the 
SMQ(D) student pool.  They completed background 
information questionnaires and then received 
SubSafe in the new Enhanced-Passive mode during 
weeks two to four of their course.  In week seven, 
they undertook the normal walk-round test, where 
their performance in accurately specifying the location 
of the same 26 safety-critical items of equipment as 
before was judged by their accompanying SMQ(D) 
instructor.  They then concluded their involvement in 
the study by completing a post-trial questionnaire.   
MoDREC ethics requirements were adhered to as for 
the Phase 1 Study. 

 
2.4 PHASE 2 RESULTS 
 
Two trials were completed with 29 SMQ(D) students 
taking part.  Participants’ ages ranged from 17 to 37 
years, with a mean age of 23.29 years and a 
standard deviation of 4.23.  As before, the majority of 
the students (86.2%) had a history of playing 
computer/video games. 
 
The total number of correct responses was recorded 
for each participant, from which mean scores on the 
walk-round test were calculated for each 
experimental condition.  These are shown in Table 3. 
 

Table 3: Mean Scores on the Walk-Round Test 
(Enhanced Passive Study) 

Condition Mean Standard 
Deviation n 

Enhanced-
Passive 
Group 

25.86  0.743 29 

 
In order to analyse whether there were any significant 
differences between the four groups the walk-round 
results from the Phase 1 and 2 studies were 
combined.  Therefore, in total, eight trials were 
completed, with 113 SMQ(D) students in total taking 
part in the study.  Participants’ ages ranged from 17 
to 38 years, with a mean age of 22.83 and a standard 
deviation of 4.38.  87.6% of participants were players 
of computer/video games. 
 
The total number of correct responses was recorded 
for each participant, from which mean scores on the 
walk-round test were calculated for each 
experimental condition.  These are shown in Table 4. 
 

Table 4: Mean Scores on the Walk-Round Test 
(Combined Phase 1 and 2 Studies) 

Condition Mean Standard 
Deviation n 

Control 
Group 24.19  1.877 26 

Passive 
Group 25.43 0.920 28 

Free-roam 
Group 25.33 0.994 30 

Enhanced-
passive 
group 

25.86  0.743 29 

 
An observation of the mean test scores showed that 
there was some variation in mean scores due to test 



condition.  The data were entered into a one-way 
ANOVA, which produced a significant main effect on 
test score (p=0.001). To explore the differences in the 
test scores further, planned comparisons were 
performed on the data.  The planned comparisons 
revealed that using SubSafe significantly increased 
the test scores of the Passive, Free-Roam and 
Enhanced-Passive Groups compared to the Control 
Group (p=0.001).  Planned comparisons also 
revealed that the Enhanced-Passive presentation 
significantly outperformed the Passive and Free-
Roam Groups (p=0.012). 
 
2.4 (a) SubSafe Questionnaire Feedback 
 
No CSEQ/CARS data were collected during Phase 2, 
as adequate results were obtained during Phase 1 
and there was a desire to reduce the questionnaire 
loading on SMQ(D) students during this second 
phase.  However, the post-trial questionnaire 
comments received were broadly similar to those 
from the Phase 1 study.  The student participants 
suggested that finer detail could be added to 
SubSafe, such as the modelling and labelling of more 
valves and equipment; for example, ‘there needs to 
be more valves and hydels …’; ‘include all valves that 
SMQs need to learn’; ‘it wasn’t labelled enough’.  Like 
their Phase 1 counterparts, they also suggested that 
SubSafe would benefit from being completed to 
include decks and compartments aft of Bulkhead 59 
and by building scenarios, for example, to ‘make 
incidents like fires on board’ or adding avatars with 
whom a student can interact; for example, ‘staff on 
board to interact with’; ‘have crew on watch in their 
locations’ .   
 
Almost without exception the participants said that 
they would like to see SubSafe incorporated into the 
SMQ(D) course as, for example, ’[it] gives you a 
better understanding’; ‘it would allow you to walk 
around the boat when you can’t get down a real one’; 
‘[it] would help with walk-rounds if not possible to go 
down submarine’;, and ‘would provide good revision, 
especially for the walk-round’.   
 
3. NEXT STEPS – THE PHASE 3 EXPERIMENT 
 
In general, the evaluation results for the SubSafe 
prototype have been favourable, supporting the 
original hypothesis that the simulation would enhance 
SMQ(D) students’ spatial awareness with regard to 
locating safety-critical items of equipment onboard a 
Trafalgar class submarine platform during the week 
seven “walk-round” tests.  Feedback from instructors 
was also positive, especially in relation to the value of 
the simulation during times when no submarines are 
actually available alongside or are in conditions of 

deep refit.  However, and despite the statistical 
significance achieved in the Phase 1 and 2 studies, 
the authors expressed concern about the real extent 
to which SubSafe was delivering training benefit, 
especially if a convincing financial argument had to 
be put forward at some stage to extend the Virtual 
Environment to include decks and compartments aft 
of Bulkhead 59 and, possibly, to represent other 
classes of submarine (e.g. Vanguard and Astute).  
Whilst the levels of statistical significance could be 
accounted for in the reduction of variability between 
the performance of the Control Group and its Passive 
and Free-Roam counterparts, close scrutiny of the 
data reveals that the actual increase in the number of 
walk-round questions answered correctly looks 
pitifully small!  One of the findings from the post-trial 
questionnaire relating to SubSafe, as can be seen 
from some of the comments listed earlier, was that a 
good number of the participants were quite critical of 
the fact that certain objects – valves, gauges and 
other onboard features – were missing or not 
labelled.  This seems to indicate that, by the time they 
were actually exposed to SubSafe, they had already 
developed a relatively strong awareness of the 
submarine environment.  Consequently, the question 
arose as to whether or not the anticipated power of 
SubSafe had been compromised by the fact that boat 
access on the part of the students had been 
permitted during the evaluation (despite the fact that 
access times were more or less the same for all 
experimental groups).  Preventing boat access by 
students would have been out of the question – one 
of the main requirements of the evaluation was that it 
should not compromise the mainstream SMQ(D) 
training régime in any way. 
 
However, prior to joining the SMQ(D) course at 
Devonport, all new submariner recruits are required 
to undertake a week of basic training at the RN 
Submarine School at HMS Raleigh.  This induction 
course, which includes fundamental elements of 
submarine operation, affords an opportunity to 
engage the new students in a third phase of 
evaluation before they have even been introduced to 
a real submarine environment.  At the time of writing, 
this Phase 3 project – addressing students’ basic 
knowledge of deck and compartment layout and the 
location of fire-fighting equipment and EBS masks 
held in each compartment – is being planned for the 
June-to-September (2010) timeframe.   
 
This basic knowledge investigation is also relevant to 
an additional (informal) evaluation being conducted in 
cooperation with Babcock Marine.  At the time of 
writing, the company is evaluating SubSafe as a 
means of providing effective submarine orientation 



Figure 4: (from top to bottom) control room, 3 deck 
and weapons stowage compartment images from 
SubSafe 2 
 

and Health & Safety training for new contract 
personnel joining the company’s refit teams. 
 
4. “SUBSAFE 2” 
 
In parallel with the Phase 3 experimental design 
process, another development is under way which 
seeks to incorporate many of the student and 
instructor comments from Phases 1 and 2.  A 
decision was made in 2009 to bring the future 
development of SubSafe more under the control of 
the HFI DTC by “transferring” the digital assets 
collated during the early part of the project – 3D 
models and textures – into a more flexible 3D toolkit 
and rendering engine, Quest3D.  Used in a wide 
range of other HFI DTC projects, Quest3D is a 
powerful real-time 3D software environment that 
boasts a graphically rich editing toolkit, capable of 
supporting researchers who may not be competent 
programmers.   
 
The new SubSafe environment (Figure 4) can be 
distributed as a single, relatively small executable file 
(license-free) and can deliver a much higher-fidelity 
visual and auditory virtual world than its Ogre-hosted 
predecessor.  Exploiting Quest3D also supports the 
development of additional functions, from smoke, fire, 
compartment flooding and hydraulic burst effects to 
the presence of programmable avatars.  From an 
experimentation and usability evaluation perspective, 
the Quest3D implementation also supports a much 
wider range of interface modifications than before 
(such as a variable first-person field of view, control 
over through-boat motion speed, object interaction 
styles, multimedia and performance metrics 
integration and the use of numerous forms of 
interactive hardware technologies).   
 
Once completed, SubSafe 2 will be delivered to the 
RN Submarine School and the Submarine 
Qualification (SMQ) Instructors at HMS Drake in 
Devonport for review and early evaluation. 
 
It has also recently become possible to investigate 
the potential for exploiting the existing SubSafe digital 
assets in the development of more mobile training 
systems, for example using the increasingly-popular 
Unity game development tool and Apple’s portable 
media platform, the iPod Touch (Figure 5).  Although 
some “decimation” (complexity reduction) of the 
SubSafe geometry was necessary in order for the 
application to run smoothly on the Touch, all of the 
key SMQ training features have been preserved in 
the current demonstration, which comprises the 
dockside setting, Submarine Control Room and 
Forward Escape Compartment.  This exercise has 
also highlighted a number of interaction limitations 

when attempting to mount real-time simulation 
programs on devices such as the iPod Touch, and 
these need further human factors investigation if such 
platforms are to find application within what may be 
broadly defined as “defence mobile training”.  In 
particular, the use of virtual controls for navigation 
and object selection needs careful attention, in order 



Figure 5: Work-in-progress image of “SubSafe 
Mobile” – implemented using an iPod Touch 

to avoid complex, over-sensitive user inputs and the 
obscuration of key visual features.  In addition, it is 
not possible (yet) to replicate the deck-by-deck, 
compartment-by-compartment navigation style 
available with SubSafe versions 1 and 2.  Therefore a 
new interactive style is being designed, based on a 
transition from the dockside 3D view of the virtual 
submarine (as can be seen in Figure 5) to a side 
elevation schematic of an SSN, with hyperlinks to 
compartment textual descriptors and then on to the 
actual 3D compartment real-time renderings. 
 
5. “SPIN-OUT” PROJECTS & OPPORTUNITIES  

One of the most encouraging aspects of the SubSafe 
programme to date has been the extent to which 
related submarine (and, for that matter, surface 
vessel) applications have emerged, following the 
exposure of the evaluation project conducted at HM 
Naval Base Devonport.  The degree to which games-
based technologies are now taken very seriously 
throughout the RN (e.g. Craven [2008] and Stone 
[2010]) far outstrips their adoption of, for example, 
Virtual Reality systems in the late 1990s and early 
2000s.  One branch of the RN has even invested in 
230 Sony Play Station Portables (PSPs) to 
encourage the development of new styles of onboard 
learning.  The Unity3D/iPod project mentioned above 
is relevant here, especially with regard to the human 
factors issues of interacting with small, mobile 
computing platforms. 
 
With specific reference to “spin-out” projects from the 
early SubSafe effort, one important example involved 
the provision of an animation sequence for a UK 
Coroner’s Court of Inquiry in 2009 relating to the HMS 
Tireless SCOG incident, mentioned briefly in the 

Introduction to this paper. The SubSafe real-time 
simulation was also used during the Courtroom 
proceedings, to help familiarise attendees with the 
layout of a Trafalgar Class submarine.   
 
In March 2007, the nuclear attack submarine (SSN) 
HMS Tireless was taking part in under-ice exercises 
north of Alaska, together with the American 
submarine USS Alexandria.  During what should have 
been a routine lighting of a SCOG within the Forward 
Escape Compartment (FEC), the unit exploded.  
Tragically, two crewmembers were killed and a third 
incurred serious injuries, although he was still able to 
suppress some of the multiple fires that resulted from 
the material discharged from the exploding SCOG.  
The doors to the FEC were blown shut and one 
buckled, delaying the progress of the rescue team in 
attempting to enter the compartment.  The 
submarine’s crew managed to manoeuvre the vessel 
to thin ice, some 2 miles away, at which point the 
vessel was able to surface safely and implement 
ventilation procedures, prior to being joined by 
members of the Applied Physics Laboratory Ice 
Station (APLIS) located a mile or so away. 
 
Using digital 3D assets originally “built” for the 
SubSafe project, an animation was developed that, in 
conjunction with a narrative presented by an RN 
senior officer, demonstrated the location of the 
explosion, the subsequent smoke propagation (which 
spread very quickly throughout the boat) and the 
activities of the crew in attempting to rescue FEC 
casualties (Figure 6).   
 
The external model of the submarine delivered with 
SubSafe was not fit for purpose, due to the simplistic 
geometry and errors evident in the external details.  
Consequently a new and appropriately detailed 3D 
model of HMS Tireless was developed so that the 
interior deck and compartment geometries developed 
for SubSafe (which were of appropriate quality) would 
fit reasonably accurately within the virtual pressure 
vessel “shell” during the final animation.  It was 
important for stakeholders to verify the fidelity and 
appropriateness of a range of visual effects to be 
used as part of the final animation (and to avoid the 
cost of having to re-render the entire sequence each 
time a correction was requested).  To do this, 
Quest3D was used as a prototyping tool, in 
conjunction with the new SSN model.  Amongst the 
effects tested in this way, prior to commitment to 
animation rendering, were: 
 
 A hull “X-Ray” Effect (allowing No. 2 Deck to be 

visualised in context with the remainder of the 
submarine). 



Figure 6: Screen shots from the HMS Tireless 
SCOG incident animation 
 

 Compartment transparencies (selecting basic 
wireframe and semi-transparent materials to avoid 
visual artefacts when viewing personnel motion 
throughout the deck). 

 Smoke propagation (constraining smoke effects to 
compartments and decks) – both Quest3D and the 
final animation tool 3D Studio Max have built-in 
textured billboard-style particle systems.  To 
contain the smoke within certain compartments, 
an additional collision object is constructed around 
the compartment so that the particles are 
constrained within that compartment. 

 Appropriate representation of avatars (avoiding 
emotive visual characteristics and behaviours that 
would be inadmissible in court). 

 
Another safety-related demonstrator focuses on the 
deployment of CO2-absorbing Lithium Hydroxide 
(LiOH) “curtains” within the FEC and the constraints 
these curtains impose on available crew space.  This 
mini-project demonstrated how the SubSafe 
simulation could be re-used for design and ergonomic 
evaluation purposes, as well as training. 
 
Interest in the SubSafe project has also stimulated 
the development of other concept demonstrators, 
including a “serious game” implementation of a 
submarine rescue scenario, where the user has to 
rendezvous and dock a rescue submersible with a 
disabled Kilo Class submarine using a typical gaming 
hand controller whilst viewing simulated underwater 
images through the submersible dome and external 
CCTV cameras.  Consideration is also being given by 
the RN’s Submarine Escape Training Tank (SETT) 
personnel to using SubSafe to support the teaching of 
procedures for entering, flooding and draining the 
FEC escape tower.  The SETT facility at Gosport in 
the UK ceased through-water escape training in 
2008.  The reasoning behind this was a risk 
assessment which indicated that the advantages of 
the training did not outweigh the dangers of the 
training itself and that, as the latest generation of 
submarines operate in much deeper water than 
current SSNs, the only feasible means of escape 
would be from a purpose-built submersible, such as 
the NATO Submarine Rescue System. 
 
6. CONCLUSIONS  
 
The experience with SubSafe thus far has been very 
positive indeed.  Despite the early (and, one might 
argue conflicting) statistical findings, there can be 
little doubt that SubSafe has the potential to 
revolutionise training for submariners by exploiting a 
technology that is, to the incoming recruits, familiar, 
engaging and intuitive to use.  The evaluation data 
have shown that, whilst there may not be a significant 

shift in the number of SMQ test questions answered 
correctly, the variability in student performance has 
certainly reduced.  The impact of SubSafe on 
completely “submarine-naïve” students has still to be 
evaluated.  Nevertheless, one has to remember that, 
from a financial perspective, to have achieved the 
level of fidelity and interaction available with SubSafe 
in its latest form 10 to 15 years ago would have 
required hardware and software investments of over 



£150,000, not to mention high annual maintenance 
costs.  Today, the 3D SubSafe assets are hosted on 
laptops costing around £400 using freely-distributable 
software costing £1000 per development licence.  It is 
still difficult to estimate exactly how much a system 
like SubSafe will save for the RN in terms of improved 
SMQ student pass rates or reduced failures, or 
reduction in training delivery times.  Nevertheless, for 
a nation whose submarine force size (i.e. number of 
vessels) is actually reducing (and was small in the 
first place!), SubSafe will provide students and 
instructors with access to a reasonably 
comprehensive model of a boat, especially at times 
when access to actual submarines is not possible. 
 
There is still much to do.  In its current prototype/ 
demonstrator form, SubSafe only boasts “half” a 
virtual submarine.  Decks, compartments and other 
features aft of Bulkhead 59 still need to be modelled.  
The adoption of the Quest3D toolkit and rendering 
engine will certainly help to expedite this exercise, 
once the resources can be found to continue the 
work, although the security implications of moving 
“back aft”, into areas controlling the reactor, vessel 
propulsion and manoeuvring are significant and will, 
no doubt, raise the currently low level of classification.   
 
The lessons learned during the past 4 years of 
working on the SubSafe programme, not to mention 
the previous 10 years of investigating the exploitation 
of Virtual Environments for submarine training are 
now being extended to other RN projects, including 
the Future Surface Combatant and the Future 
Submarine (Successor).  These developments, in 
addition to those “spin-out” projects summarised 
earlier, confirm the significance and value of adopting 
strong human-centred design methodologies early in 
technology-based training programmes.  Close 
engagement with stakeholders and end users 
throughout such projects is essential to the 
development of a training capability, from which 
experiences and assets can be readily extended 
across multiple applications, thereby delivering 
significant value for money. 
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