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Objective: Examine the extent to which increasing informa-
tion integration across displays in a simulated submarine command 
and control room can reduce operator workload, improve operator 
situation awareness, and improve team performance.

Background: In control rooms, the volume and number of 
sources of information are increasing, with the potential to over-
whelm operator cognitive capacity. It is proposed that by distrib-
uting information to maximize relevance to each operator role 
(increasing information integration), it is possible to not only reduce 
operator workload but also improve situation awareness and team 
performance.

Method: Sixteen teams of six novice participants were trained 
to work together to combine data from multiple sensor displays 
to build a tactical picture of surrounding contacts at sea. The ex-
tent that data from one display were available to operators at other 
displays was manipulated (information integration) between teams. 
Team performance was assessed as the accuracy of the generated 
tactical picture.

Results: Teams built a more accurate tactical picture, and in-
dividual team members had better situation awareness and lower 
workload, when provided with high compared with low information 
integration.

Conclusion: A human- centered design approach to integrating 
information in command and control settings can result in lower 
workload, and enhanced situation awareness and team performance.

Application: The design of modern command and control 
rooms, in which operators must fuse increasing volumes of complex 
data from displays, may benefit from higher information integration 
based on a human- centered design philosophy, and a fundamental 
understanding of the cognitive work that is carried out by operators.

Keywords: human–machine interface, information 
integration, performance, workload, situation 
awareness

The capabilities of command and control (C2) 
rooms are changing dramatically due to rapid 
technological advances. New technologies for 
C2 rooms are resulting in greater volumes of 
data, necessitating that innovative informa-
tion displays and automated systems be devel-
oped to assist humans. Such advances have the 
potential to improve the capability of C2 rooms 
to adapt to changing requirements of operation. 
However, for this to be achieved, it is imperative 
that information is presented in a manner that 
maximizes relevance to each operator role and 
to the operational context, so that each operator 

do their jobs.
Historically, many C2 settings have used 

designs in which the information displayed to 
each operator is determined by the system’s 
physical architecture (e.g., the source of the 
information) and the individual operator task 
analysis and resulting input to their work con-
sole (i.e., the individual human–machine pair). 
In contrast, more contemporary C2 designs aim 
to increase “information integration”—that is, 
to visually share on the display of each operator 
in a team the information that they potentially 
require to complete their tasks, regardless of the 
source of that information, or whom in the team 
generated that information (Boehm- Davis et al., 
2015).

The aim of the current study was to examine 
the impact of increased information integration 
on operator workload, operator situation aware-
ness (SA), and team performance in a task in 
which teams of participants performed tactical 
picture compilation in a simulation of a future 
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submarine C2 room. Although we used a sub-
marine simulation, our results provide an evi-
dence base for design principles applicable to 
other C2 work domains that require teams to 
fuse large volumes of information from vari-
ous sensors in order to develop a tactical pic-

control, air battle management).

DEVELOPING THE TACTICAL PICTURE

In a submarine C2 room, submariners inter-
pret sensor and other data to build an under-
standing of the operational situation (Roberts 
et al., 2018). The C2 team comprises a number 
of departments including navigation, commu-
nications, and sensor and tactical systems. The 

team (in our simulation, comprised of only sen-
sor and tactical system operators) could com-
pile a tactical picture of the position of other 
vessels (contacts) in relation to their own ves-
sel (Ownship). An accurate tactical picture is 
critical to maintain safety, stealth, and mission 
success. However, picture compilation takes 
time, and the compiled tactical picture will 
always vary in the degree to which it matches 
the “ground truth” because of, for example, the 
unpredictability of the ocean, and third- party 
actions (hostile deception; Loft et al., 2016).

There are several roles that contribute to 
reducing uncertainty in the tactical picture. The 
Track Motion Analyst (TMA) estimates a solu-
tion (bearing, range, course, and speed) for each 
contact, based on its relative motion derived 
from bearing cuts provided by the Sonar oper-
ator, and visual information provided by the 
Periscope operator. The relative motion of each 
contact is displayed on a time- bearing plot to 
the Track Manager, allowing them to assess 
the accuracy of the TMA solution, monitor 
information derived from sensors, and resolve 

to improve contact solutions. Supervised by 
a Watch Leader, the Track Manager assesses 
and fuses the sensor data with other geospatial 
and environmental data to build a tactical pic-
ture, and to recommend submarine maneuvers 
required to ensure safety, stealth, and mission 
success.

INFORMATION INTEGRATION

Submarine C2 rooms have traditionally used 
stove- piped human–machine interface (HMI) 
designs, where information is only shown to 
an operator if the source of that information is 
from sensor(s) connected to that operator con-
sole architecture (role), and the operator can 
then choose to verbally share it with other oper-
ators. Similarly, outcomes from information 
processed by an operator largely remain on that 
display on which it is generated, and are shared 
verbally by the operator (we refer to this work 
design as low integration).

Prototype high- integration HMI designs 
have emerged from cognitive work analyses 
and human- centered design workshops con-
ducted by the Australian Defence Science and 
Technology Group (e.g., Schmitt et al., 2013). 
For the current study, the HMI prototypes were 
networked together in the Control Room Use 
Simulation Environment (CRUSE), where 
data were integrated across consoles. The high 
integration design displays to each operator 
the information that they required to complete 
their task goals, regardless of the source of that 
information, or whom in the team generated it. 
The concept of information integration is simi-
lar to that of a common operating picture (e.g., 
Hwang & Yoon, 2020), but does not involve 
presenting a common display, but rather infor-

On the face of it, highly integrated C2 rooms 
may have several advantages. High integration 
provides each operator with a complete set 
of information regarding their own tasks, and 
timely task updates from team members com-
pleting interdependent tasks. This work design 

the information needs of others and “push” 
information in a timely fashion (transactive 
memory; Hollingshead, 1998; Wegner, 1987). 
Higher integration reduces the need for the 
operator to wait for information because it is 
available on their display. By comparison, with 
lower integration, information must be verbally 
requested (i.e., “pulled”; McNeese et al., 2018), 
and the operator must then wait for the informa-
tion to be reported. We therefore expected that 
the number of verbal emissions per team to be 
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higher in low compared with high integration 
teams due to the increased need to verbalize 
information. Additionally, because teams using 
low integration rely more on verbal exchange, 
operators could be more vulnerable to team mis-
communication (e.g., being mis- heard, heard 
but forgotten, or not heard at all), and given 
that communication requires time/cognitive 
resources, the increased need for communica-
tion may produce a “communication overhead” 
(MacMillan et al., 2004) that increases work-
load and reduces team performance. On the 
basis of this theoretical analyses, we would pre-
dict more verbal communication in low com-
pared with high integration teams, and that the 
increase in immediately available (pushed)/reli-
able information on highly integrated displays 
should improve operator SA by facilitating their 
understanding of the current and likely future 
state of the task environment (Vu & Chiappe, 
2015), and improve team performance.

On the other hand, an argument can be made 
that the increase in display complexity (Donderi, 
2006) associated with the larger volume of 
immediately available (pushed) information on 
highly integrated displays may make it chal-
lenging for operators to locate relevant informa-
tion (display clutter; Moacdieh & Sarter, 2015), 
or lead to information overload (Marusich et al., 
2016), due to the cognitive limitations that con-
strain the amount of information humans can 
process (Gigerenzer & Selten, 2002). To the 
extent this is the case, higher integration may not 
improve SA, and may increase operator work-
load, and possibly not lead to improved team 
performance. Higher integration could also lead 
to greater operator autonomy, in that operators 
may work more within their own information 
bubble, creating potential temporal dissonance 
between operators, and undermining team pro-
cess. The reduced communication from higher 
integration may also come at a cost. The need to 
verbalize more information (as expected in the 
lower integration condition) may help synchro-

awareness of which contacts are being worked 

communication, Salas et al., 2005) facilitating a 
common team understanding (interactive team 
cognition; Cooke et al., 2013).

With these uncertainties in mind, the goal 
was to investigate whether increased informa-
tion integration would indeed reduce the number 
of verbal emissions, impact operator workload, 
and improve operator SA or team performance. 
Teams of six participants were trained to per-
form tactical picture compilation. Participants 
were trained to perform one of six roles (Sonar 
x 2, TMA x 2, Periscope, Track Manager), 
and information integration was manipulated 
between- subjects. Operator SA was measured 
by presenting operators with queries about the 
scenarios. Participants rated their own workload 
every 5 min, and after each scenario. Team per-
formance was assessed by examining tactical 

between the simulation truth and the solution 
derived by teams). Communication between 
operators was recorded.

METHOD
Participants

Sixteen teams of six participants were 
recruited through word of mouth, the UWA 
community participation website, and from 
local sporting and yacht clubs. There were 
38 males and 58 females with an average age of 
29.14 years. There was no a priori constraint on 

teams. Participants were paid AUD 15 per hour 
(total for 9 hr = AUD 135). Participants were 
randomly assigned to either a high integration 
(eight teams) or low integration (eight teams) 
team, and within those teams, participants were 
randomly assigned a role. This research com-
plied with the National Statement of Ethical 
Conduct in Human Research (code of conduct) 
and was approved by the Human Research 

Australia. Informed consent was obtained from 
each participant.

Control Room Use Simulation 
Environment (CRUSE)

with six consoles (each with two displays): 
two Sonar consoles, two TMA consoles, one 
Periscope console and a console showing the 
tactical picture compilation which was operated 
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by the Track Manager. The team’s goal was to 
detect, locate, classify, and estimate the range, 
course, and speed of all contacts within sonar 
range. The team then reported this solution to 
the Watch Leader, who was one of the research-
ers. Figure 1 shows a team completing the task 

Two scenarios were developed that were the 
180º degree mirror (on Ownship heading axis) 
of each other and thus had comparable task 
load. This meant that the number of contacts, 

detection both visually and on sonar were iden-
-

ent bearing. For example, as shown in Figure 2, 
if Scenario 1 included a Merchant contact that 
could be detected at the 10 - min mark, was trav-
eling at 12 knots at a bearing of 315, and on a 

course of 225, then in Scenario 2 this contact 
would be a Merchant contact detected at the 
10 - min mark, traveling at 12 knots, at a bear-
ing of 045, and on a course of 135 (assuming 
Ownship heading of 000).

Each scenario had 14 contacts introduced 
gradually over 60 min. For each contact, Sonar 
operators initially detected and reported it. The 
Track Manager then prioritized each contact 

solution accuracy in relation to received sonar 
data, and assigned each contact to one of the 
TMAs. The Track Manager was instructed to 
attempt to assign equal task- load across TMAs. 
The Track Manager used the information on 
their display to track the task load of each TMA, 
the relative priority of contacts, and the prog-
ress of TMA contact solutions. The Periscope 

Figure 1. Participants undertaking their tasks within the CRUSE. From left to right the displays are Periscope, 
Sonar 2, Sonar 1, Track Manager, TMA 1, and TMA 2. CRUSE = Control Room Use Simulation Environment; 
TMA = Track Motion Analyst.
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operator looked for each contact and centered 

(adjustable reticules over the contact image) 
could be applied to estimate contact range. 
The Periscope operator could also estimate the 
aspect of the contact to derive the angle to the 
bow (ATB). The TMAs use the contact’s ATB 
(which the system converts to a course) and the 
estimated range from the periscope operator, as 
well as estimated contact speed (derived from 

using on- screen tools, which included a virtual 

correct (best matched the sonar information). 
The solution was verbally reported to the Watch 
Leader before being entered into the system by 
the TMA.

Information Integration Conditions
Cognitive work analyses (utilizing the 

Cognitive Work Analysis framework; for exam-
ple, Rasmussen, 1986) were conducted by the 
Australian Defence Science and Technology 
Group to identify the information processing 
requirements of critical roles in the submarine 
control room (e.g., Schmitt et al., 2013). This 

was followed by human- centered design work-
shops that applied Ecological Interface Design 
principles (e.g., Burns & Hajdukiewicz, 2004) 
to design the HMIs to support operator behav-
ior across the range of activities performed 
in each role, and that applied the Proximity 
Compatibility Principle (Wickens & Carswell, 
1995) to visually co- locate information com-

-
tions. These analyses/workshops resulted in the 
generation of highly integrated HMI designs to 
support the cognitive work likely undertaken in 
future submarine C2 rooms, whilst the low inte-
gration design represented a more conventional 
stove- piped approach.

the high- and low- integration conditions (for a 
detailed list, see Table 1). It is critical to note 
that, as illustrated by Table 1, the information 
provided in the high integration displays was 
equivalent to the information presented in the 

was that the information was visually available 
across more positional displays (consoles) in 
the high integration condition.

All information that was unavailable visu-
ally in the low integration condition was avail-
able verbally. For Periscope, Sonar, and Track 

Figure 2. The running example of how a scenario was mirrored so that workload was kept 
comparable whilst ensuring minimal transfer of learning.
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Manager, the bearing and the TMA range, 
course and speed could be attained by listen-
ing to the scripted “mandatory” verbal solu-
tion reports from TMA to the Watch Leader, or 
requesting it as needed. The bearing was most 
important to Periscope to know where to look 
(and could also be asked of Sonar), and the 
range, course, and speed useful for the Track 
manager to assess whether it was consistent 
with that expected for the class of contact and 
sensor information. Track manager annotations 

most important to TMA, was reported by Sonar 
on detection and requested when required.

Figures 3–6 show the low and high informa-
tion integration displays for each role (Sonar, 
Periscope, Track Manager, and TMA) with the 

function of integration condition.
We also orthogonally manipulated team 

research sponsor (to assess the physical use of 
control room space). Teams were in a starboard- 

(Figure 1), and forward- facing classroom- type 

was no need for egocentric spatial aware-
ness because the submarine did not maneuver. 
Indeed, the analyses indicated that this manipu-

analyses are collapsed across this variable and 
are not discussed further.

Measures

Situation awareness. The Situation Present 
Awareness Method (SPAM; Durso & Dattel, 
2004) delivers SA queries in real time with-
out pausing scenarios or blanking displays. An 
initial prompt asks operators whether they are 
ready for an SA query. The time the operator 
takes to accept the query is referred to as SPAM 
accept time, and often correlates with subjec-
tive workload (Vu et al., 2012) and task load 
(Loft et al., 2015). The actual SA query is then 
posed after the operator indicates that they are 
ready to receive the query. Operators with better 

-
mation to answer the question, and thus should 
respond faster and more accurately to the SA 
queries.

TABLE 1: How Information Required for Contact Solutions Was Shared Visually Between Displays in 
Low and High Integration

Information Displayed

Periscope Sonar Track Manager TMA

LO HI LO HI LO HI LO HI

Bearing – from Sonar ✗ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Bearing – from TMA ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Bearing rate – from Sonar ✗ ✗ ✓ ✓ ✗ ✗ ✗ ✓

Classification – from Sonar & Periscope ✓ ✓ ✗ ✓ ✓ ✓ ✗ ✓

Range – from TMA ✗ ✗ ✗ ✗ ✗ ✓ ✓ ✓

Course – from TMA ✗ ✓ ✗ ✗ ✗ ✓ ✓ ✓

Speed – from TMA ✗ ✓ ✗ ✗ ✗ ✓ ✓ ✓

Annotations – from Track manager ✗ ✗ ✗ ✓ ✓ ✓ ✗ ✗

Solution on Geoplot - TMA ✗ ✓ ✗ ✓ ✓ ✓ ✓ ✓

Note. TM = Track Manager; TMA = Track Motion Analyst. The Sonar information bearing and bearing rate are 
known by the participants to be certain (the simulation truth). All information from TMA is from their estimated 
solution. The bearing from Sonar is represented visually as both a three- figure bearing, or a “sonar tracker” icon 
on a bearing strip.
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In each scenario, the participants were pre-
sented with “Are you ready for a question?” 
prompt at roughly 5 - min intervals (13 occa-
sions), followed by a SPAM query. Both the 
prompt and the queries were delivered audibly 
through headphones, and simultaneously via 
text on displays, with participants answering by 
clicking on “yes” on the screen for the prompt, 
and one of four possible answers for the query. 
The SPAM prompt appeared at the same time 
for all participants. Table 2 presents the SA 
queries delivered. All participants in the team 
received the same SA query at the same time. 
The SPAM queries and their order were pre-
served for the second scenario.

Mean accuracy on SPAM queries, and 
response time (RT) for correct SPAM 
responses, were calculated for each participant 

based on the 26 SPAM queries delivered over 
the two scenarios. The dependent variable for 
SA was the participant mean RT divided by the 

-
ciency score), thereby providing single index 

speed (Bruyer & Brysbaert, 2011; Townsend 
& Ashby, 1983
were averaged within each team.

Subjective workload. 
Workload Input Technique (ATWIT, Stein, 
1985) required participants to rate their work-
load on a 10- point scale (1 = very low, 10 = 
very high). ATWIT was presented for 10 s at 
5 - min intervals during each scenario (12 times 
per scenario) at the same time for all partici-
pants. The simulation continued in the back-
ground while the ATWIT query was displayed. 

Figure 3. The Sonar display as presented to the low integration (left) and high integration (right) conditions. 
For high integration, the Sonar and the TMA solution bearings were both presented on the bearing strip as 
Sonar trackers and circle icons respectively. Additionally, the bearings of the sonar trackers were presented in 
the contact information table. The team’s estimate of the contact location relative to Ownship (TMA solution) 
was presented on the Geoplot (a bird’s eye depiction of the immediate area around the submarine) via the 

derived from the Time- Frequency plot, was indicated by the icon color. For Sonar in low integration, the 

TMA = Track Motion Analyst.
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A mean ATWIT score was calculated for each 
participant based on the 24 ATWIT probes 
delivered over the two scenarios. The ATWIT 
scores were averaged within each team.

The NASA Taskload Index (NASA- TLX); 
Hart and Staveland (1987), a multidimen-
sional subjective workload scale, was admin-
istered after each scenario. Participants rated 
their workload on a 20- point scale on  dimen-
sions of workload: Mental Demands, Physical 
Demands, Temporal Demands, Performance, 

administered and scored as per the procedures 
outlined by Hart and Staveland (1987). NASA- 
TLX scores were averaged within each team.

Team performance. 
performance in terms of Tactical Picture Error 

-
ference in location between the simulation truth 
and the solution entered by the team for each 
contact, weighted by the priority of the contact 
(Figure 7 -
lated at 20- s intervals across the scenario. After 

a solution is submitted, position error will often 
increase over time, particularly if a solution is 
poor, which will impact on the TPE metric. For 
example, if course and speed are inaccurate, the 
solution will likely drift further away from the 

In this way, the TPE is sensitive to errors in 
range, course and speed, as well as solution 
update speed.

Individual contact position errors were 
weighted by their priority to capture the fact 
that errors in some contacts (e.g., a close war-
ship) carry more serious consequences than 
others (e.g., a distant merchant). Contacts were 
assigned a weight between 1 and 3 on each of 
four dimensions listed in Table 3, in accordance 
with task instructions. A contact’s total weight 
was the sum of all four weights (e.g., a Merchant 
at 4000 yards closing on a steady course would 
have a weighting of 1 + 3 + 3 +1 = 8).

At a given 20 - s time- point, the position 
error (distance in yards) between ground truth 
of contacts held on Sonar and the corresponding 

Figure 4. The Periscope display as presented to the low integration (left) and high integration (right) conditions. 

icon), the solution range, course and speed information, and Geoplot were presented. For low integration, only 
the contact (solution) bearings were presented. TMA = Track Motion Analyst.
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contact solution was calculated. To reduce the 
impact of outliers, extreme position errors were 
winsorized to cap them at a maximum of 17,500 
yards (corresponding to approximately the 95th 
percentile of all individual position errors). If 
a ground truth contact had not yet been given 
a TMA solution, it was also given a position 
error of 17,500 yards, thereby penalizing slow 

each contact at that time- point was calculated 
and expressed as a percentage of the sum of all 
current contact weights. Each position error was 
then multiplied by the percent weighting and 
summed together to provide a total weighted 
average TPE.

Team communication. We assessed the 
frequency of communication (number of ver-
bal emissions per team). Examples of a sin-
gle operator emissions include TMA saying to 
Periscope “ Can I get a range on Sierra1,” and 
Sonar saying to the team “All positions, Sonar 

possible warship.”

Procedure

Teams attended one 9 - h testing session 
-

ing via video modules and question- and- answer 
tutorial sessions. Each participant was then ran-
domly assigned to a role, and viewed a 12–14- 

followed by seven practice scenarios ranging 
from 15 to 30 min in duration. During the prac-
tice scenarios, researchers coached participants 
how to complete their tasks, including instruc-
tions about which team member had the infor-
mation they would need to perform their tasks. 
They were also instructed on how to ask for 
and report information. The voice protocol was 
based on that used in the Australian submarines, 
which is designed for brevity and clarity so as 

Figure 5. The Track Manager displays as presented to the low integration (left) and high integration 

information in the contact information table, such as the TMA solution range, course, speed and bearing rate 
in high integration but not in low integration, as well as time- bearing plot annotations from TMA and Sonar. 
TMA = Track Motion Analyst.
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not to “clog” communication channels and min-
imize miscommunication. For example, “Sonar, 
TMA” from TMA meant TMA wanted Sonar’s 
attention, and the Sonar operator would respond 
with “Sonar” so that TMA knew they could then 
pose their request. Terms such as “standby” (if 
busy) or “disregard” (if current reporting was 
wrong or needed updating mid- reporting) were 
also trained. Participants communicated via a 
“push to talk” protocol via the keyboard (con-

-
phones. After training, the team of participants 
completed two high- or two low- integration test 
scenarios. Each scenario lasted approximately 
1 hr, and the two scenarios were presented in 
counterbalanced order.

RESULTS

The data from six participants (from three 
low integration teams, and three high inte-
gration teams) were removed due to a data- 
recording failure on the Sonar 2 position.

Descriptives and Correlations

The descriptives and inter- correlations at the 
team level between the three workload mea-
sures (ATWIT, NASA- TLX, and SPAM query 
accept time), SA, operator emissions, solutions 
per contact, and team performance (TPE) are 
shown in Table 4. The two subjective workload 
measures (ATWIT, NASA- TLX) were highly 
positively correlated, as was ATWIT and SPAM 
query accept time, providing evidence of con-
vergent validity. SA (higher scores = poorer SA) 
was strong positively correlated with ATWIT, 
and to a lesser extent NASA- TLX. SPAM query 
accept time was strongly positively associated 
with SA. Team performance was strongly neg-
atively associated with number of solutions per 
contact.

Situation Awareness

Participants in the high integration condition 
responded to 57.52 % (SD = 5.23%) of SPAM 
queries correctly and took on average 12.66 

Figure 6. The Track Motion Analyst (TMA) displays as presented to the low integration (left) and high 

high integration but not in low integration.
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s (SD = 2.32 s) to make correct responses. 
Participants in the low integration condition 
responded to 52.33% (SD = 9.36%) of SPAM 
queries correctly and took on average 15.09 s 
(SD = 3.85 s) to make correct responses. The 

-
ter SA) indicated that participants in the high 
integration condition (M = 24.14, SD = 4.71) 
had better SA than participants in the low inte-
gration condition (M = 30.64, SD = 6.39), t(14) 
= 2.32, p = .036, d = 1.16.

level. SA was improved in the high compared 
to low integration condition for all positions, 

indicating a high consistency of the impact of 
integration on SA across all positions. Periscope 

TABLE 2: Situation Awareness Questions

Item Time Question

1 3.30 Where is the most recently 
detected contact?

2 6.00 Where will the Merchant B ship 
be in 10 min?

3 11.00 Where is the closest merchant 
ship?

4 16.30 Where is the most recently 
detected contact?

5 21.00 Which contact will pass behind us 
in about 10 min time?

6 23.30 How many merchant contacts are 
we currently tracking?

7 29.00 Where will the merchant contact 
at around Green 25 be in 
10 min?

8 34.00 Where is the most recently 
detected contact?

9 38.00 Where will the fishing contact at 
around Red 15 be in 10 min?

10 43.00 What type of contact is the 
closest?

11 47.00 Where is the most recently 
detected contact?

12 53.00 Where will the warship contact at 
around Red 20 be in 10 min?

13 58.30 Where will the merchant contact 
at around Red 130 be in 
10 min?

Figure 7. Example of a tactical picture error (TPE). 
Each numbered icon represents a contact, its direction 
of travel (solid line), and its wake (dashed line). 
The middle circle with the cross depicts Ownship. 

solutions entered by the team (the “S” denotes the 
sensor the contact is held on: Sonar). If the solution 
for a contact was perfect, the team solutions would 
match the truth. Better solutions can be seen on 
contacts 1 and 4. Contacts 2, 3, and 5, however, have 
poorer solutions.

TABLE 3: Priority Weightings Used for the 
Tactical Picture Error Algorithm

Priority Weight

Weight

1 2 3

Classification Merchant Fishing Warship

Range >10,000 
yards

<10,000 
yards

<5000 
yards

Course Opening Closing

Zigging On a 
steady 
course

Frequent 
course 

changes

Total Sum of all weights
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operators had the greatest improvement in SA, 
-

gration at the position level were statistically 

alpha level of p = .0125 (smallest p = .02).

Workload

participants in the high (M = 5.23, SD = .65) 
compared with low (M = 6.13, SD = .79) inte-
gration condition, t(14) = 2.49, p = .026, d = 
1.25, indicating subjective workload was lower 
with higher integration.

With respect to the SPAM workload indi-
cator, participants in the high integration con-
dition (M = 2.85 s, SD = .21s) were faster to 
accept SPAM queries than participants in the 
low integration condition (M = 3.47 s, SD = 
.50s), t(14) = 3.25, p = .006, d = 1.63, also indi-
cating that workload was lower in the high inte-
gration condition.

between participants in the high (M = 57.38, 
SD = 9.59) compared with low (M = 62.05, SD 
= 9.10) integration condition, t(14) = 1.01, p = 
.334. We examined subscale scores as a function 
of information integration (using a Bonferroni- 
corrected alpha level of p = .008) but found no 

p = .03 for the 

integration condition).

In sum, two of the three workload measures 
indicated that participants in the high integra-
tion condition had lower workload than those in 
the low integration condition.

conditions at the console level using ATWIT, 
NASA, and SPAM- AT measures. For each of 
the three workload measures, workload was 
greater in the low integration condition for all 
positions, indicating a high consistency of the 
impact of integration on workload across all 

-
load as a function of integration at the position 

Bonferonni- corrected alpha level of p = .0125 
(smallest p = .02).

Team Performance

Tactical picture error. The TPE as a func-
tion of information integration is plotted in 
Figure 8

during which time the contact was assigned 
maximum position error of 17,500 yards.

Examination of Figure 8 indicates that TPE 
began to diverge between the low and high inte-
gration conditions after 10 min. This is likely 
because, even with the provision of high inte-
gration, it takes some time for information to be 
estimated (e.g., for Periscope to estimate range/

TABLE 4: Means, Standard Deviations, and Correlations Calculated Across Both Integration Conditions 
for Workload, Situation Awareness, Communication Frequency, and Team Performance (N = 16 Teams)

Variable M SD 1 2 3 4 5 6

1. ATWIT 5.68 0.84

2. NASA- TLX 59.72 9.35 .73**

3. SPAM- AT 3.16s 0.49s .55* .12

4. SA 27.39 6.38 .63** .40 .68**

5. Emissions 959.62 150.66 −.12 −.25 .36 .17

6 . N. Solutions 2.47 0.74 −.33 −.21 −.21 −.06 .42

7. Performance 8850 1681 .25 .16 .33 .31 .001 −.65**

Note. ATWIT = Air Traffic Workload Input Technique; SA = situation awareness (Situation Present Awareness 
Method inverse efficiency score); SPAM- AT = Situation Present Awareness Method query accept time. Emissions = 
average number of verbal emissions; N. Solutions = number solutions per contact; Performance = Tactical Picture 
Error (TPE). M and SD are used to represent mean and standard deviation, respectively.
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course or for Sonar to classify) and share this 

To compare team performance statistically, 
the two scenarios were split into three 20 - min 
blocks and TPE was averaged for each block 
(Figure 9). A 3 (block) x 2 (integration) mixed 

block, F(2, 28) = 21.99, p < .001, p
2 = 2.61, 

with team performance improving over time. 
-

gration, F(1,14) = 9.43, p = .008, p
2 = 2.40, 

-
tion and block (F(2,28) = 3.35, p = .005, p

2 

corrected alpha level of p = .017) analyses 
revealed that while the conditions did not dif-

t < 1, the high integration 

the low integration condition in the second 

block, t(14) = 4.33, p < .001, d = 2.16, and the 
third block, t(14) = 3.35, p = .005, d = 1.68. 
In summary, teams were able to create a more 
accurate tactical picture when information was 
more highly integrated.

Solutions per contact. One of the possible 
reasons for the lower TPE with higher infor-
mation integration is that it may have allowed 
teams more time to work on contact solutions, 
and thus to enter more solutions per contact. 
Further, in general, we found each new solu-
tion on a contact was more likely to be closer 
to the truth than the previous solution. Teams 
using high integration entered more solutions 
per contact (M = 2.93, SD = .55) than teams 
using low integration (M = 2.01, SD = .63), 
t(14) = 3.11, p = .008, d = 1.56. The negative 
correlation between the number of solutions per 
contact and TPE (Table 4) indicated that 42% of 

Figure 8. Tactical picture error over time for high and low integration. Error bands represent the standard error 
of the mean.
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the variance in TPE was related to the number 
of contact solutions entered.

Communication quantity. There was no 

between teams provided low (M = 937, SD = 
145) compared with high (M = 982, SD = 162) 
integration, t < 1. We discuss this unexpected 

DISCUSSION
The aim of the present study was to examine 

the impact of increased information integration 
(the degree to which relevant information was 
shared between operator displays) on opera-
tor SA, operator workload, number of verbal 
emissions, and team performance. The SPAM 
data indicated that participants had better SA 
when provided high compared with low infor-
mation integration. The workload measures 
indicated that workload decreased with higher 
integration. Solutions were more accurate for 
teams provided with high compared to low 
integration, partly because TMAs in the high 

integration condition entered more solutions, 
with each iteratively closer to ground truth. 

emissions between the low and high integration 
conditions.

high- integration condition had better understand-
ing of the status, and current/future location of 
contacts (including in relation to Ownship), than 
participants in the low integration condition. It is 

not necessarily mean that participants provided 
higher integration had a better memory- based sit-
uational model (Endsley, 1995). The amount and 
complexity of information in the task may have 
prevented participants from committing many 
display details to memory. Instead, we suggest 

-

SA- relevant information quickly on their displays 
(Fiore & Wiltshire, 2016; Kirschenbaum et al., 
2014). For example, in the high integration condi-
tion, the Periscope operator had the sonar tracker 

Figure 9. 
conditions) split into 20 - min blocks. Error bars depict standard error of the mean.
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bearing for each contact, and the Track Manager 
had annotations from Sonar. All displays also had 
each contact color coded with the contact’s classi-

Manager to use their bearing strip to identify the 
contact being queried.

The two self- report workload measures 
-

tively correlated (convergent validity). In addi-
tion, SPAM query accept time correlated with 
subjective workload (ATWIT). Contrary to our 
concerns that the increased and immediately 
available (pushed) information on highly inte-
grated displays may have made it challenging 
for operators to locate or process information 
(Marusich et al., 2016; Moacdieh & Sarter, 2015), 
two (ATWIT, SPAM query accept time) of the 
three workload measures provided evidence that 
higher integration reduced workload. The ATWIT 
was likely more sensitive to the impact of infor-
mation integration than the NASA- TLX because 
it measured real- time subjective workload. In con-
trast, the NASA- TLX is a post- scenario measure 
that required participants to remember and aver-
age what they had experienced over the proceed-
ing 60 min. Nonetheless, the patterns of means in 
the NASA- TLX data as a function of information 
integration were consistent with the two other 
workload measures, although clearly not reaching 

Teams provided with higher information inte-
gration also built a more accurate tactical picture, 
and entered more solutions per contact. More 
solutions per contact decreased tactical picture 
error (42% of variance explained in the TPE by 
the number solutions per contact). The number of 
solutions a TMA would submit for each contact 

the Periscope and Sonar operators could com-
pile, process, and relay information to the TMA, 
the extent to which the TMA had the information 
required to compile solutions, and the quality of 
guidance provided from the information analysis 
conducted by the Track Manager. These processes 
could have been facilitated by the higher infor-
mation integration that provided each operator 
with more immediate visual access (information 
“pushing”) to the information required for their 
tasks. For example, the Periscope operator could 
see the solution bearing of each contact and thus 

could visually locate contacts more quickly; the 
TMA had the bearing rate displayed on their dis-
play so they did not have to ask for it; and the 
Track Manager could assign a color to each track 

team to more quickly identify high priority con-
tacts (e.g., warships). The required information in 
the high integration displays was also proximal 
(co- located) to other information sources in terms 
of the extent to which the information was used 
as part of a required cognitive task, in line with 
the Proximity Compatibility Principle (Wickens 
& Carswell, 1995; also see Burns, 2000). For 
example, for TMA, the bearing rate (from Sonar) 
had to be processed in combination with the clas-

the Track manager), and the range of the contact 
(from Periscope).

cognitive work analysis/human- centered design 
(including the application of Ecological Interface 
Design principles and Proximity Compatibility 
Principle) conducted by Defence (Schmitt et al., 
2013) to support the cognitive work anticipated in 
future submarine C2 rooms. To our knowledge, 

literature that more highly integrated HMIs in a 
simulated submarine C2 room can improve SA, 
workload, and team performance. These results 
are also potentially applicable to other C2 work 
domains that require teams to interpret large vol-
umes of information from sensors to develop 

uninhabited vehicle control. However, each task 
domain will have unique challenges for designing 
highly integrated displays in a manner that mini-
mizes the potential costs of increased visual com-
plexity (for review, see Donderi, 2006).

Given that the higher integration was designed 
to reduce the need for verbal emissions (commu-

in communication quantity as function of informa-
tion integration, and thus no evidence to suggest 
a communication overhead for low integration 
(MacMillan et al., 2004). While it is beyond the 
scope of this brief report to analyze the content 
of communication, the fact that the teams using 
high integration submitted more solutions may 
have contributed to their verbal emissions (the fact 
that the number of solutions and verbal emissions 
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were moderately positively correlated in Table 4 
indicates these variables relate). By having basic 
information immediately available, the high inte-
gration condition may have been able to focus 

-
ment. Given that verbal emissions and team per-
formance are uncorrelated (Table 4), the evidence 
suggests that the number of solutions drove the 
performance advantage associated with high inte-
gration rather than the quantity of communication.

It is important however to acknowledge limita-
tions of this study and interpret the results of the 
current work with appropriate caution. Although 
the information provided in the highly integrated 
displays was equivalent to the information pre-

only that the information was visually available 
across more positional displays with high integra-
tion, there was more information presented visu-
ally to each operator. For this reason, follow- up 
work is needed to discriminate between the 

access and infor-
mation integration. The scenarios were purposely 

novice participants, and ultimately there was lim-
ited consequence to participants from their perfor-
mance, unlike control rooms in complex high- risk 
domains. It is critical that follow- up work is con-

teams. Third, it is critical to be clear that we cer-
tainty do not purport to have measured team SA or 
team workload, as the SA and workload of a team 
is not simply the aggregation of individual SA and 
individual workload (see Bedwell et al., 2014; 
Salmon et al., 2008). While beyond the scope 
of this paper, analysis of the content of the com-
munication data could prove useful for building 
task, social, and information networks (Stanton & 
Roberts, 2019) to assess constructs such as team 
(distributed) SA, team (distributed) workload, and 
shared mental models.
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KEY POINTS

 The increased volume of information in modern 
command and control rooms needs to be appro-
priately integrated across operator roles for full 

 We examined the extent to which increasing 
information integration across displays in a simu-
lated future submarine command and control 
room could improve operator situation aware-
ness, reduce operator workload, reduce the need 
for team communication, and improve team 
performance.

 Teams of novice participants were trained to work 
together to combine data from multiple simulated 
submarine sensors to build a tactical picture of 
surrounding contacts at sea. The extent that infor-
mation was shared across operator displays was 
manipulated (information integration).

 Participants had better situation awareness, lower 
workload, and teams built a more accurate tactical 
picture, when provided with high compared with 

-
ence in the quantity of communication.

 The design of modern command and control 

-
ophy that adequately considers the cognitive 
requirements of the human operators and actively 
engages them in the design process.
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