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Abstract. Previous work revealed bottlenecks in information transition between 
submarine command team members, which may be detrimental to overall perfor-
mance. To date, the potential impact of such bottlenecks in terms of time to pass 
critical information has not been investigated. An understanding of the temporal 
impact is critical, given the time critical nature of tactical picture generation. Four 
teams of eight participants (32 participants total) were recruited and trained at 
one of the operator stations in a bespoke built submarine control room simulator. 
Participants completed high and low demand Return to Periscope Depth scenar-
ios. The timings of technology-human and human-human interactions were cal-
culated. Preliminary results indicated that the largest temporal lag was the transi-
tion of human-human information. Furthermore, loss of information occurred 
with every stage of information transition. As demand increased, the efficiency 
of information transition was negatively impacted by increased communications 
between operators. Initial results are discussed along with future analysis plans.  
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1 Introduction 

A submarine control room is an excellent example of a sociotechnical system where 
humans and technology interact in goal directed behaviors to achieve global team ob-
jectives [1]. In a submarine control room, information is distributed between operators 
and technology, which must be combined to form an accurate tactical picture [2, 3, 4]. 
Communications between members of the control room are crucial for effective inte-
gration of information from different sensors [5]. Data needs to be assimilated in a 
timely manner from various sources within the control room so that the Officer of the 
Watch (OOW) or Commanding Officer (CO) can make appropriate decisions for own 
ship safety [6, 7]. Delayed communications between command team members may af-
fect the Situation Awareness (SA) of team members dependent on such information, 
leading to negative operational consequences [8]. A breakdown in communication be-
tween command team members regarding a new contact was a contributing factor in 
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the collision of the USS Greeneville with the Ehime Maru, as the Officer of the Deck 
was not aware of the close range of the Ehime Maru [9]. 

The Command Team Experimental Test-bed (ComTET) project was a body of work 
that aimed to examine the current and future capabilities of a submarine control room. 
Previous work provided valuable insight into the interactions between members of a 
submarine command team [10, 2, 11, 12]. A shortened version of the Event Analysis 
for Systemic Teamwork (EAST) [11] method was used [10, 2, 11, 12], which modeled 
systems as a network of networks [2]. Social network analysis revealed a ‘bottleneck’ 
between the Operations Officer (OPSO) and the Sonar Controller (SOC) [12]. These 
operators communicated frequently in order to facilitate the building of an accurate 
tactical picture [10, 11, 12]. The SOC had to pass information (e.g. bearing and classi-
fication of surrounding vessels) from the sound room to the OPSO. The OPSO then 
passed this information to Target Motion Analysis (TMA) operators in the picture room 
so that they could build a tactical picture [11]. A ‘bottleneck’ between the OPSO and 
the SOC may cause a delay in transition of information from the sound room to the 
picture room, ultimately delaying the generation of a reliable tactical picture. The pas-
sage of information between the sound and picture room was highly reliant on the link 
between the OPSO and the SOC. It is likely that if this link were to be broken, a signif-
icant deterioration in performance would be observed [11] as the TMA operators would 
not have received the required information to form an accurate tactical picture. A noted 
limitation of the work by Roberts et al., [10] was the absence of temporal evaluation of 
social and task networks as scenarios progressed. Timely completion of tasks is im-
portant for safe and efficient operation; for example, taking too long to find a solution 
for a detected vessel may endanger own ship via counter-detection [4]. Thus, there is 
pressure to complete tasks quickly and accurately [14]. The current work aimed to build 
on the EAST analysis already conducted by the ComTET team [10, 11, 12], to evaluate 
the impact of ‘bottlenecks’ on the speed of information transition and frequency of task 
completion. The following predictions were made. 

Hypothesis 1: The slowest transition of information between operators will be be-
tween SOC and OPSO 
Hypothesis 2: Loss of information will occur at each point of information transfer 
Hypothesis 3: Information transfer will be slower in high demand conditions 

2 Method 

2.1 Participants 

Ten teams of eight individuals have been recruited opportunistically from a variety of 
backgrounds, including undergraduate students and graduate recruits. A total of 71 
males and 9 females participated with an age range of 18-55 (Mean = 26.83, Standard 
Deviation = 8.69).  However, to date, four teams (32 participants total) have been pro-
cessed for analysis, and thus their results are the focus of the current work. The study 
protocol received ethical approval from the University of Southampton Research Ethics 
Committee (Protocol No: 10099) and Ministry of Defense Research Ethics Committee 
(MoDREC) (Protocol No: 551/MODREC/14).  



2.2 Equipment and Materials 

The ComTET team designed and built a submarine control room simulator based upon 
a currently operational Royal Navy submarine (see figure 1). Subject Matter Experts 
(SMEs) informed the design and build of the simulator and a full description of the 
process is provided by Roberts et al., [15]. The simulator had nine networked stations, 
each with a communications headset, a keyboard, two stacked monitors, and a mouse. 
A modified version of the Dangerous Waters (DW) simulation engine allowed the sim-
ultaneous completion of submarine command team tasks. The simulator had the capac-
ity to record all verbal and non-verbal communications that occurred between opera-
tors. Recording software captured any transmissions over the communication network, 
and a collection of 10 web cameras, two high-resolution video cameras, and two ambi-
ent microphones captured all other communications. Screen recording software was 
used to record each individual screen in order to capture interactions with the techno-
logical system. 
 

 
 
 
Fig. 1. The ComTET submarine control room simulator (a) left – control room (b) 

right – sound room 
 
The operators chosen for inclusion were representative of a submarine command 

team; such selection was informed by SMEs. The operators included were an OOW, an 
OPSO, a SOC, two Sonar Operators (SOP), two TMA operators, a Periscope operator 
(PERI), and a Ship Control operator (SHC). A member of the ComTET team played 
the role of the OOW in order to guide teams tactically with relevant task fidelity.  

Two Return to Periscope Depth (RTPD) scenarios were designed and programmed 
in DW (see Table 1 for a description). Scenario demand was manipulated by including 
a larger number of contacts with more erratic movements, and a second wave of con-
tacts. Each scenario lasted approximately 45 minutes.  

Table 1. Description of Scenarios 
Demand No. Con-

tacts 
Objective 

Low 4 RTPD from deep in order to transmit intelligence home. 
A large temporal window of opportunity is available. All 
contacts held must be ranged so an optimum course for 
RTPD can be found. Mission is complete once periscope 
has been raised and all contacts marked.  



High 13 Due to severe submarine damage RTPD from deep as 
quickly as possible. All contacts need to be ranged to find 
an optimal route for RTPD.  

 
To facilitate the recruitment of large numbers of participants, affording statistical 

robustness, a tutorial package was developed to train novice participants to be repre-
sentative of a submarine command team. The training package consisted of six hour-
long video tutorials, which covered essential concepts (e.g. bearing, course, range), and 
operator station specifics (e.g. Periscope tutorial). A communications game was also 
developed to train participants in military verbal protocol.  

2.3 Design 

This was a one factor repeated measures design. The independent variable was scenario 
demand. The dependent variables included time for human-human and technology-hu-
man information transition and frequency of tasks completed. 

2.4 Procedure 

Testing was conducted over two days; a training day and a testing day. On the training 
day, informed consent was obtained from participants and operator roles were randomly 
assigned. The morning consisted of general submarine command team training such as 
communication structure and essential concepts. In the afternoon, participants watched 
workstation specific tutorial videos and were allowed time to practice using the work-
station before completing practice scenarios as part of a command team.  

On the testing day, participants completed a final practice scenario monitored by 
the experimental team to ensure adequate performance of all tasks. Further training was 
provided if required. Participants then completed all scenarios. To prevent order effects 
the scenarios were counterbalanced across the four teams. Participants were told that 
the first scenario would begin, the recording devices were started, and the OOW gave 
a briefing. The scenario ended when the command team had completed the mission 
objective. After a debrief and a short break for refreshments, participants were asked to 
sit back at their workstation for the next scenario. At the end of the final scenario par-
ticipants were given a full debrief and thanked for participating.   

2.5 Analysis of Data 

To complete the analysis raw data from individual screen recordings and web cameras 
were used to obtain time stamps for when both verbal and non-verbal tasks occurred. 
This was completed for all sonar and picture tasks and was conducted for all operators. 
The tasks included were identified from previous studies where SME input facilitated 
understanding of tasks undertaken in a submarine control room [10, 11, 12]. Individual 
scenario recordings were temporally aligned to ensure accurate task completion times 
between sources.  

To date, not enough teams have been pre-processed to afford statistical analysis; 
however, this is intended in the future. Upon completion of recruitment and testing, it 



is intended that a repeated measures Analyses of Variances (ANOVA) will be con-
ducted to examine differences between high and low demand scenarios. A sub-set of 
sonar tasks relating to contact designations are presented in the results section, for a 
description of each task see Table 2. Briefly, the SOPs must use passive broadband 
sonar to detect other vessels surrounding own ship [12, 16, 17]. This can be completed 
using the bow array, which is located at the front of own-ship, or using the hull (flank) 
array, which is located on the side [18]. Once detected a contact must be designated – 
assigned a name such as “sonar zero one”. This information must then be communi-
cated to the SOC, who will then relay it to the OPSO [12]. The OPSO should then 
communicate this information to the TMA operators so that they can check that bear-
ings cuts are being received for the contact. Knowledge of surrounding vessels is criti-
cal for team situation awareness [16] to avoid negative operational consequences [9]. 
Means and standard deviations for frequency of task completion and information tran-
sition are presented in the results along with the time taken. 

 
Table 2. Description of Tasks Completed 

Task Description Operators/Technologies in-
volved 

Designate bow contact Assign a name to a contact detected 
on the bow array 

SOP1/SOP2 and bow array 

Designate hull contact Assign a name to a contact detected 
on the hull array 

SOP1/SOP2 and hull array 

Bow designation from 
SOP to SOC 

SOP verbally passed designation in-
formation for contacts on the bow ar-
ray 

SOP1/SO2 and SOC 

Hull designation from 
SOP to SOC 

SOP verbally passed designation in-
formation for contacts on the hull ar-
ray 

SOP1/SOP2 and SOC 

Designation from SOC to 
OPSO 

SOC verbally passed designation in-
formation to OPSO that they re-
ceived from the SOPs 

SOC and OPSO 

SOC’s own screen desig-
nation to OPSO 

SOC verbally passed designation in-
formation to OPSO that they re-
ceived from the SOPs 

SOC (using bow/hull ar-
ray) and OPSO 

Designations from OPSO 
to TMA 

OPSO verbally passed designation 
information to the TMA operators 

OPSO and TMA 

TMA check cuts from 
OPSO 

TMA checked cuts they verbally re-
ceived from OPSO 

TMA and picture screen 

TMA check system cuts TMA checked cuts received via the 
technological system 

TMA and picture screen 

3 Results 

The ComTET team are in the process of completing the pre-processing and analysis of 
the temporal data for all teams, with the intention of completing statistical analysis. The 
current work presents results from four teams for RTPD high and low demand scenarios 
regarding designation of contacts to provide an early indication of the direction of the 
work.  



The number of contacts designated in the high demand was greater than in the low 
demand for both arrays. This was expected, given the greater number of contacts pre-
sented in the high demand scenario. However, the difference between the number of 
contacts designated on the hull array in high and low demand was small (<1) compared 
to the bow array. The time taken to complete designations was slower in the high de-
mand for both arrays. In both levels of demand, the designation of bow contacts was 
faster than the designation of hull contacts. This is despite fewer contacts designated on 
the hull array. It may be that teams prioritized the bow array over the hull array (see 
Table 3 for a summary of task frequency and duration).  

The subsequent passage of designations to the SOC was completed with greater 
frequency in the high demand for both arrays. Again, this was to be expected due to the 
greater number of contacts presented in the high demand. However, in both levels of 
demand fewer designations were passed to the SOC than were designated, indicating 
task depletion between the SOPs and the SOC.  

Fewer designations were passed from the SOC to the OPSO in the low demand than 
in the high demand. However, regardless of source, this was completed faster in the 
high demand, indicating that there may have been greater pressure to pass designations 
in a timely fashion. In both levels of demand, the SOC passed more designations from 
their own screen than those received from the SOPs. In the high demand, this infor-
mation was transferred to the SOC faster by the technological system than by the SOPs, 
suggesting that the technological system was ahead of the human operators. Task de-
pletion was also observed between the SOC and the OPSO, as the SOC passed fewer 
designations than they received from the SOPs, and fewer designations than they could 
observe from their own screens. 

The OPSO passed more designations to the TMA operators in the low demand, but 
completed the transfer of information faster in the low demand than in the high demand. 
Fewer designations were passed to the TMA operators than the OPSO received, indi-
cating further task depletion. The task of TMA operators checking cuts from OPSO was 
only completed in the low demand scenario, and cuts received via the technological 
system were checked with higher frequency for both demand levels. The frequency of 
cuts checked from the system was greater in the high demand, in line with the greater 
number of contacts presented. This was completed slower in the high demand.  

 
Table 3. Frequency and Average Time of Task Completion in RTPD Scenarios at high 

and low workloads 
 Frequency of Completion  Average Time for Completion 
Task Low High  Low High 

Designate bow contact 4.00 ± .00 11.00 ± 1.63  02:41 ± 01:34 05:26 ± 05:24 
Designate hull contact 3.75 ± .50 4.50 ± 1.91  05:46 ± 05:21 07:21 ± 06:05 
Bow designation from 
SOP to SOC 

.94 ± 1.30 5.50 ± 4.12  00:09 ± 00:13 01:07 ± 01:00 

Hull designation from 
SOP to SOC 

1.75 ± 1.71 3.00 ± 2.58  02:18 ± 01:42 00:31 ± 00:19 

Designation from SOC 
to OPSO 

1.50 ± 1.73 1.75 ± 1.71  07:24 ± 01:14 02:51 ± 03:06 

SOC’s own screen 
designation to OPSO 

2.50 ± 1.29 2.25 ± 2.22  03:43 ± 06:14 02:24 ± 02:04 



Designations from 
OPSO to TMA 

1.00 ± 2.00 .50 ± .58  00:30 ± 00:11 13:58 ± 13:48 

TMA check cuts from 
OPSO 

1.00 ± 2.00 .00 ± .00  00:48 - 

TMA check system 
cuts 

9.50 ± 2.52 20.50 ± 5.00  04:25 ± 05:42 05:54 ± 05:32 

Note. Means and Standard Deviations presented for frequency of completion and time 
for completion. Some key results highlighted. 

 
A case study of a RTPD high demand scenario is presented in figure 2. Square boxes 

represent technological interfaces and circles represent operators in the system. Con-
tacts were designated faster and with greater frequency on the bow array than the hull 
array, potentially indicating a prioritization of the bow array.  

Subsequent information transfer was faster for bow designations; however, more 
hull designations were verbally passed to the SOC. Thus, greater task depletion was 
seen between the SOPs and the SOC for the bow array.  Task depletion also occurred 
between the SOC and the OPSO, as only two of the six designations received by the 
SOC were transferred to the OPSO. Similarly, of the 17 designations that would have 
been visible on the SOCs screen, only three were passed to the OPSO from SOC’s own 
screen. The transfer of information from the SOC’s own screen was faster than the 
transfer of designations received from the SOPs. The OPSO did not pass any designa-
tion information to the TMA operators; rather cuts were checked via the technological 
system. This indicates task depletion between the OPSO and TMA operators.  

 

 
 
Fig 2. Case study of one team RTPD high – solid lines represent interactions with 

the technological system, dashed lines represent verbal communication of information 
received from the technological system, and dotted lines represent information received 
from other operators 



4 Discussion 

The current work aimed to evaluate the impact of ‘bottlenecks’ on the speed of infor-
mation transition and frequency of task completion through the control room. The re-
sults provided tentative support for the hypotheses proposed. In the low demand sce-
nario, the slowest transition of information was between the OPSO and the SOC. In the 
high demand, the first hypothesis was not supported, as the slowest transition was be-
tween the OPSO and TMA operators. However, in the case study, this information tran-
sition did not occur, and thus the slowest transition of information was between the 
OPSO and the SOC. Overall it is evident that there is a delay in information transition 
between the OPSO and the SOC.  The second hypothesis was supported by the results. 
At each point in the network, less information was passed than was received, regardless 
of source of information. This may represent the quality checking and refinement of 
information being passed through the command team. However, it may also reflect the 
loss of information due to excessive workload, which may have a negative effect on 
safety. The third hypothesis was not supported, as generally the transition of infor-
mation was faster in the high demand. This may be indicative of increased pressure to 
pass information in a timely manner [14].  

 Despite a greater number of contacts presented in the high demand scenario, a sim-
ilar number of contacts were designated on the hull array in both levels of demand. 
Previous work by the ComTET team found that scenario demand significantly affected 
subjective measures of mental and temporal load [19]. It may be that SOPs’ workload 
was so great in the high demand that they were unable to work on the hull array, and 
instead prioritized the bow array. Consequently, contacts on the hull array may have 
been missed, and if not picked up on the bow array, this can endanger own ship. Similar 
usage of the different arrays was observed in the case study, with fewer contacts desig-
nated on the hull array. Further evidence of the high demand placed on the SOPs re-
sulted in the usage of the SOC’s own screen to pass information to the OPSO. In the 
case study, the passage of information from the SOC’s interface was faster than those 
received from the SOPs. This may be beneficial for information regarding priority con-
tacts, as the information can be transferred to the OPSO faster. However, this may be 
detrimental for shared situation awareness as knowledge gained by the SOPs from the 
sonar displays is not communicated, and instead the information transition is reliant on 
the SOCs’ interpretation. There is pressure to complete tasks quickly and accurately in 
a submarine command room [14], which may have led to the SOC utilizing their own 
screen rather than waiting for the SOPs to pass the required information. Slow infor-
mation transition, and task depletion occurred between the SOC and the OPSO, a bot-
tleneck previously identified by the ComTET team from social network analysis [10, 
11, 12]. In the current case study, only a third of the information verbally received by 
the SOC was transferred to the OPSO and the information was transferred far slower 
than received. This means that the transition of vital information may be delayed or 
information may not be communicated at all. This can potentially compromise own 
ship safety, as there is a lack of shared awareness regarding vessels surrounding own 
ship. 

The slowest transfer of information was between the OPSO and the TMA operators 
in the high demand scenario. However, designation information could be transferred 
via the technological system to the TMA operators, as well as via operators. Information 



was transferred faster by the technological system than via operators in the control 
room. This could lead to the TMA operators being ahead of the command structure (the 
OOW, OPSO, & SOC) with regard to awareness of surrounding vessels. This could 
lead to unnecessary confusion, as operators may not have received the necessary guid-
ance on contact prioritization and workload delegation.  In the case study, no infor-
mation was transferred by the OPSO to the TMA operators, meaning that information 
was received faster via the technological system (as opposed to not at all). This may 
have negative consequences for situation awareness, as the OPSO would not have been 
aware if cuts were not being received. Furthermore, the OPSO may not have been aware 
of what each operator was working on; this may have resulted in duplication of work 
by the TMA operators or focusing on low priority contacts, hindering the formation of 
an accurate tactical picture.  

The current research builds upon previous work conducted by the ComTET team, 
investigating current ways of working in a submarine control room [10, 11, 12]. In the 
current work, the social and task networks are combined to provide a temporal under-
standing of task completion and information transition. Furthermore, this work exam-
ines the interactions of operators with the technological system, an aspect that was not 
examined in previous work [10].  

4.1 Conclusions and future work 

Submarine crews of the future will be required to process large volumes of data with 
similar or potentially reduced crew sizes [15]. Larger volumes of data with the same 
crew sizes will require different team structures and allocation of tasks, thus an under-
standing of current ways of working is essential [15]. If temporal delay issues are evi-
dent in the current configuration, then an examination of new configurations is needed, 
as the addition of more sensors, which generate more data, has the potential to com-
pound these problems further. The current work highlights the impact of the ‘bottle-
neck’ between the OPSO and the SOC on the speed of information transition across the 
control room. It is recommended that reliance on communication between the OPSO 
and the SOC is reduced, to facilitate better flow of information through the command 
team. Co-locating operators dependent on each other for task relevant information may 
achieve this. For example, the TMA operators routinely require information from the 
SOPs in order to complete tasks. Thus, allowing these operators to communicate di-
rectly may allow for faster transition of information across the command team. How-
ever, such recommendations need to be evidence based. It is for such reasons the current 
work will be extended to include ten teams, affording robust statistical comparisons.  
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