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Abstract: Be prepared to the unknown is the mantra of modern high-risk industries, which are concerned about the 
effectiveness of their workplace safety & emergency procedures and the performance of their operators in safety-
critical tasks. Virtual Reality (VR) applications and Serious Games (SG) provide a quasi-real testing environment that 
allows industries to detect whether operators are able to perform tasks without performance degradation due to an 
unbalanced workload. The present study proposes an eXpanded NASA Task Load indeX (X-NASA-TLX) and an 
Overall Workload Judgement (OWJ) to assess quantitatively the operators’ workload during a synthetic emergency 
scenario. The case study is represented by a fire caused by a faulty gas line in a steel mill during which the operators 
are required to comply meticulously with the emergency procedure. The emergency scenario is experienced by using a 
head mounted display, motion controllers and audio equipment to convey a high sense of immersion. This study shows 
that VR and SG coupled with the X-NASA-TLX results can be considered as a reasonable means for investigating 
workload balancing problems. Insights based on the OWJ are reported, thus demonstrating the potential of this 
approach to support the workplace safety and emergency procedures analysis and (re)design. 

Keywords: Industrial Emergency, Safety & Security, Virtual Reality, Human Workload, NASA-TLX 

1. Introduction 

Despite safety is widely recognized as a crucial strategic 
organizational objective (Nenonen et al., 2015) and more 
restrictive safety regulations and technological innovations 
have been implemented in industries, the number of 
occupational injuries has not decreased as expected during 
the last decades and the yearly number of industrial 
accidents is still considerable (Pariyani et al., 2010). In most 
of these cases, industrial emergencies have been even more 
embittered by individual human biases (e.g. unintentional 
mistakes, poor decision making, disregard for procedures) 
and teamwork errors (e.g. lack of communication and 
coordination), which have a detrimental effect on the 
emergency management outcomes (Driskell & Salas, 2013). 
Although risks from human factors cannot be eliminated 
and the corporate quest for zero-accidents is utopian 
(Twaalfhoven & Kortleven, 2016), proper safety and 
emergency procedures can go a long way in mitigating risk.  

Workplace tasks have become more multidimensional in 
the recent years, with the operators experiencing combined 
physical and mental demands (Mehta & Agnew, 2011). 
Workload assessments are commonly used to demonstrate 
whether or not workers are able to perform tasks without 
unacceptable performance degradation (Di Domenico & 
Nussbaum, 2008): excess workload usually results in 
reduced task performance and more errors, while 
conversely underload leads to boredom and reduced 
situation awareness and alertness (Jung & Jung, 2001). 
Workload issues may be even more relevant in the 
emergency management because the demands imposed by 
a safety-critical situation for human resources vary 

according to the operators’ experience, training level, skills, 
psychological state when the task is performed and the 
cooperation patterns with the other team members (Coelho 
et al., 2015). Furthermore, in the recent times of 
downsizing, one of the major concerns is whether staff 
would be able to respond to emergencies and whether the 
delegation of more tasks upsets the remaining operators. 
The ultimate objective of a workload study is to achieve 
evenly distributed, manageable workload and to avoid 
overload or underload in a multi-tasking environment 
(Wickens, 1984). However, due to the subjective nature of 
workload, there is much disagreement about its definition 
and, consequently, the assessment methodologies. On the 
wake of Hart and Staveland (1988) who described workload 
as the perceived relationship between the amount of mental 
processing capability or resources and the amount required 
by the task, Gao et al. (2013) compared seven measures for 
evaluating the mental workload with emergency operation 
procedure in nuclear power plants. But workload is not 
only about the mental demand. People tend to define (and 
thus experience) workload in different ways – the amount 
of work that is loaded on them, the time pressure under 
which a task is performed, the level of physical effort 
exerted, success in meeting task requirements, or the 
psychological and physiological consequences of the task. 

A human workload assessment study is even more complex 
in the field of the industrial emergency preparedness and 
management because of the well-known shortcomings of 
the traditional live training methodologies (Tena-Chollet et 
al., 2017). The learning potential of new technology-driven 
paradigms based on Virtual Reality (VR) and Serious 
Games (SG) is, however, giving a new impetus to this 
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domain as educational content or procedural knowledge is 
delivered in a more spontaneous and effective manner 
(Williams-Bell et al., 2015; Li et al., 2017) in several 
application domains in industry (Choi et al., 2015).  

1.1 Problem statement and research aims 

An unbalanced workload not only adversely affects the 
workplace safety, but also the task performance. A human 
workload assessment is required if someone wishes to 
determine whether you have sufficient staff; if capacity 
exists for additional tasks, or whether personnel can cope 
with emergencies, incidents or process upsets. One of the 
most frequently cited workload measures in literature is the 
NASA Task Load Index, NASA-TLX (Hart and Staveland, 
1988; Hart, 2006). However, it cannot be blindly applied in 
situations that have never been experienced by the test 
subjects in the real world because a good safety 
performance consists of making rare to face emergency 
situations. In addition, accident management and 
emergency response training is a time-consuming and 
strenuous activity that undermines the business continuity, 
because operators should participate to long-lasting 
training sessions instead of doing their daily job. 
Furthermore, emergency scenarios (e.g. fire or toxic 
bombs) cannot be reproduced in the real world, therefore, 
a workload assessment study performed by using VR and 
SG tools appear to be necessary and provides motivation 
for this study. A faster but precise workload-based 
assessment of the emergency procedures through VR and 
SG appears to be the smartest way to let operators 
experience uncommon emergency situations and to carry 
out workplace safety management for those companies that 
do not have the opportunity to set up complex training and 
assessment studies in a safe and reproducible manner. 
Despite the six scales of the NASA-TLX provide an 
overview of the operators’ workload, this index should be 
enriched and tuned in accordance to the peculiar aspects of 
the application domain (in this case, an industrial 
emergency) and of the way the tasks are executed and 
experienced in the proposed scenario (i.e. VR and SG in 
this case). 

The present paper proposes a novel assessment framework 
based on two indexes, namely the eXpanded NASA Task 
Load Index (X-NASA-TLX) and an Overall Workload 
Judgement (OWJ) index. Teamwork-related workload 
contributing factors have been introduced to consider the 
fact that the emergency management usually requires high 
collaboration efforts and team-working and a workload 
assessment analysis by using a fictitious emergency scenario 
experienced by using VR and SG is carried out. Insights are 
reported, that demonstrate the potential of this approach 
to support the workplace safety and emergency procedures 
analysis and (re)design.  

2. The steel mill virtual reality application 

The virtual scenario used for this application represents a 
steel mill (Figure 1) that is experienced in first person by 
using a head mounted display with motion controllers and 
audio equipment. This design choice combined to a realistic 
fruition and usage of the virtual objects (e.g. the user needs 

to grab the virtual nozzle or rotate the valve as in the real 
world by using virtual controls as depicted in Figure 2) and 
to the recreation of all the stress-generating hearing factors 
such as alarms, noise, etc.) guarantee to the user a high 
sense of immersion. 

2.1 Emergency scenario description 

Since a steel mill has a high risk of fire ignition because of 
the presence of flammable gases and high-temperature 
furnaces, the VR emergency scenario represents a fire due 
to a gas leakage in a faulty gas line as depicted in Figure 3.  

 
Figure 1: The Virtual Steel Mill 

 
Figure 2: Realistic fruition of the nozzle and the valve 

  
Figure 3: Visual representation of the fire and gas leakage 

The emergency scenario includes the sequence of tasks to 
be performed timely by the emergency operators. At the 
fire occurrence, people in the VR scenario will start 
evacuating the area as in Figure 4. As soon as the alarm is 
launched, the player must shut down all the systems and 
wear (in the virtual environment) all the adequate personal 
protective equipment (e.g. clothing, helmet, goggles). Gas-
fuelled fires must always be managed by at least 3 operators 
simultaneously, therefore two non-playable characters 
driven by Intelligent Agents (IA) have been added to the 
scene in support of the actual player. The behaviour of the 
IA has been implemented as a combination of Knowledge 
based Modelling and Agent based Modelling, which are 
among the most used methodologies to recreate how IA-
driven humans execute predefined tasks. Bostan (2010) and 
Joo et al. (2013) provide two examples of a goal directed 
behaviour for the non-playable characters (the same 
approach used in this study).  
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At the very beginning, the three operators must check 
whether they are able to operate safely and whether the 
extinguishing fluid is adequate. After having worn the 
specific personal protective equipment, the operators 
should proceed with extending the hose and connect it to 
the fire system on one extremity and to a nozzle on the 
other. Two operators (the two IA-driven characters) should 
create a hydraulic barrier with a rotating movement of the 
nozzle to protect a third operator (the real player), who has 
to close the valve. This should happen quickly and upwind 
from the fire in order to be as effective as possible and in 
safety conditions. Once the valve has been closed, the 
operators can finish extinguishing the flames or wait that 
the gas inside the piping does no longer feed the flames. 
Eventually, it is needed to spray the extinguishing fluid to 
cool the surrounding systems and objects even after the 
flames have been extinguished. The emergency procedure 
ends when the operators evacuate the building after some 
minutes in order to intervene in case the fire starts again. 

The two non-playable characters execute the tasks 
according to some predefined procedures without any 
error. This design choice implies that only the real player 
can make errors. Each task executed by the IA-driven 
operators is characterized by a duration time inferred by a 
probability distribution whose parameters have been 
calculated starting from the analysis of real-world 
emergency activities. As an example, the two virtual 
operators wait for the third one to be ready and then they 
start creating a hydraulic barrier for the actual player who is 
asked to carry out the task in a time derived from a 
triangular distribution with parameters (5, 8, 11), where the 
numbers indicate the minimum, mean and maximum time 
(min). Further considerations about the implementation of 
the human behaviour are not provided for a matter of space 
and because it is not the focus of this study. 

 
Figure 4: The initial evacuation in the steel mill 

 
Figure 5: The fire extinguishing activities 

3. Methods 

The eXpanded NASA Task Load Index (X-NASA TLX) 
extends the traditional six dimensions of the NASA-TLX 
to twelve with the aim to include the peculiar aspects of the 
application domain (i.e. industrial emergency management) 
and of the way the tasks are executed in the scenario (i.e. 
VR and SG). The workload contributing factors have been 
defined to increase proportionally the perceived workload. 
The first three ones refer to the “scenario’s demands 
imposed on the subject”, while the next three ones refer to 
the “subject’s interaction with the scenario”: 

F1 – Mental Demand: How much mental and perceptual 
activity (e.g. thinking, deciding) did the tasks require?  

F2 – Physical Demand: How much physical activity (e.g. 
walking, running, pushing, pulling, etc.) was required?  

F3 – Temporal Demand: How much time pressure did 
you feel due to the rate or pace at which the tasks occurred?  

F4 – Failure: How unsuccessful do you think you were in 
accomplishing the goals set by the experimenter?  

F5 – Effort: How hard did you have to work (mentally and 
physically) to accomplish your level of performance?  

F6 – Frustration: How insecure, discouraged, irritated and 
stressed did you feel while performing the tasks?  

The first two differences with the NASA-TLX are the 
following. First, F2 is not intended in terms of physical 
movements because the emergency scenario is experienced 
through VR equipment but can be deduced by the level of 
realism – “how much real did the scenario look?”, the level of 
interactivity – “how much involved did you feel in the 
scenario?” – and the level of fatigue – “how much discomfort 
did you feel using the hardware?” – generated by the VR 
experience. Secondly, the “Performance” factor of the 
NASA-TLX was converted into “Failure” in order to 
establish a proportional relation (if the operators feel 
unsuccessful in accomplishing the goals set by the 
experimenter, they probably perceive a high workload). 

Six additional workload contributing factors related to 
teamwork aspects (and therefore to the collective sphere) 
which are crucial in an emergency management, have been 
then included. Indeed, it is widely recognized that people 
need to cooperate at different levels in daily activities and 
team working is crucial especially in case of emergencies. 
Any delay due to cooperation or misunderstanding or 
dissatisfaction with the team’s support might lead the 
situation to a breakdown. The first three factors refer to the 
“scenario’s demands imposed on the team”, while the other 
ones to the scale “Team’s interaction with the scenario”: 

F7 – Coordination Demand: How much coordination 
activity (e.g. synchronization, adjustment) was required?  

F8 – Communication Demand: How much hard was the 
communication (e.g. discussing, negotiating, sending and 
receiving messages) to accomplish the tasks? 

F9 – Cooperation Demand: How much cooperation with 
other virtual team members was needed to accomplish the 
tasks? How difficult was it to work as a team? 
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F10 – Ineffectiveness: How unsuccessful do you think the 
team was in working as a team to accomplish the goals?  

F11 – Lack of Support: How difficult was it to provide and 
receive support from other team members?  

F12 – Dissatisfaction: How unsatisfied were you with 
working as a team? Was it emotionally draining and 
irritating or emotionally rewarding and satisfying? 

3.1 Experiment’s participants 

Eighty participants were recruited for the experiments and 
were selected among practitioners, steel industry workers 
and experts in emergency management. Given the use of 
devices that can provoke nausea, people have been asked 
to confirm that they had no visual, physical or 
cardiovascular problems. Table 1 shows the characteristics 
of the involved subjects: values are presented as the mean 
± standard deviation with ranges in parentheses. 

Table 1: Subject characteristics for height, weight and age 

Gender Sample 
Size 

Height 
(cm) 

Weight 
(kg) 

Age 
(years) 

Male 56 175.8 ± 3.8 
(168-185) 

79.8 ± 6.6 
(64-96) 

35.0 ± 8.2 
(22-51) 

Female 24 165.3 ± 4.1 
(156-174) 

60.6 ± 3.3 
(52-73) 

34.8 ± 6.5 
(23-46) 

Total 80 172.7 ± 6.2 
(156-185) 

74.0 ± 10.5 
(52-96) 

34.9 ± 7.7 
(22-51) 

3.2 Experimental steps: preparation and weighting 

The experiment per each subject lasted 90 min. In the first 
place, the participants were welcomed to the study and 
asked to provide their age, sex, height and weight. Before 
starting, the subjects were trained on the connotation of the 
factors of the X-NASA-TLX and initially asked to provide 
responses to pair-wise comparisons to collate the degree to 
which each factor generally contributes, in their opinion, to 
the perceived workload. In order to answer the questions 
“how much does factor A influence the perceived workload 
compared to factor B?”, the paradigm of the Fuzzy Analytic 
Hierarchy Process turned out to be very useful to rank the 
scales by developing a numerical score on the basis of 
linguistic preference judgements provided by the experts 
(Boender et al., 1989; Grošelj & Stirn, 2017). The linguistic 
terms and the corresponding triangular fuzzy scale used in 
our research are reported in Table 2.  

Table 2: Linguistic preference judgements 

Linguistic Variable Fuzzy Number 
Absolutely Less Important Than 2/9 1/4 2/7 
Strongly Less Important Than 2/7 1/3 2/5 
Fairly More Important Than 2/5 1/2 2/3 
Weakly Less Important Than 2/3 3/4 1 
Equally Important 1 1 1 
Weakly More Important Than 1 4/3 3/2 
Fairly More Important Than 3/2 2 5/2 
Strongly More Important Than 5/2 3 7/2 
Absolutely More Important Than 7/2 4 9/2 

Thereafter, the linguistic terms were converted into a 
symmetric fuzzy pairwise comparison matrix with (1, 1, 1) 
on the main diagonal. Once all pair-wise comparisons (80 

matrices) have been obtained, the judgments have been 
synthesized into a single group pair-wise comparisons 
matrix, where the generic element is calculated by using a 
geometric mean. The use of the geometric mean keeps the 
group pairwise comparisons matrix reciprocal and 
conservative. The fuzzy weights for every workload 
contributing factor are then derived as in Ramík and 
Perzina (2014) and then converted in crisp numbers by 
calculating their Centre of Gravity (CoG).  

3.3 Experimental steps: simulation and rating 

A 5-min tutorial was given the subject to familiarize with 
the virtual steel mill environment as well as with the  
hardware (e.g. how to move in the virtual environment, 
how to grab virtual objects by using the motion controllers) 
after which the participant performed an initial 10-min test 
run. After the participant became confident with the 
hardware and with the scenario, the actual test was 
conducted. A maximum allowable completion time of 30 
min was established as the benchmark time for working the 
emergency out. This time was obtained on the basis of a 
history of similar real events. It is based on an average 
completion time of 20 min plus an allowance time of 10 
min. After the simulation run has been completed, subjects 
were given 5 min to rest and to recover. Another 
computerized questionnaire was submitted to the subject 
to obtain the subjective workload ratings for the performed 
scenario. The scale of values which were used to rate the 
subject’s perception of the contribution of the given factor 
to the overall workload is divided into 21 tick marks 
anchored by three descriptors, Low/-10, Balanced/0 and 
High/+10. If the given value is between -10 and 0, it means 
that the test subject does not feel very overloaded on that 
specific factor (e.g. mental demand); a value between 0 and 
10 implies an operator’s workload on that specific factor. 

3.4 Analysis of results 

After having collected all the ratings for every workload 
contributing factor, they were converted from the [-10; 0; 
+10] scale to a [-1; 0; +1] scale and synthetized into a group 
mean rating. The CoG of the fuzzy weights and the group 
mean rating for every factor have been used to obtain a 
graphical representation of the perceived contribution of 
the 12 factors on the workload. The weights will be shown 
as the dependent measure on the x-axis and the workload 
ratings are shown as the independent measures on the y-
axis. The contribution of the factor to the perceived 
workload is, therefore, represented by the area of the 
rectangle obtained as the product of the weight and the 
rating. It is worth noticing that the rectangles may be drawn 
both above and below the x-axis depending on the value of 
the rating – positive (if the factor increases the perceived 
workload) or negative (if the factor decreases the perceived 
workload). However, a synthetic indication of the 
perceived workload is not yet calculated. To do so, we 
introduce the Overall Workload Judgement (OWJ). This 
index is basically calculated as the algebraic sum of all the 
contributions of the factors (the areas of the rectangles). If 
the rectangle is under the x-axis (because the rating is 
negative), then the area is computed with a negative value. 
The OWJ will range from -100% and +100%. Nine 
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intervals were defined (see Table 3), which can be used by 
experts, practitioners and professionals to (re)design the 
workplace safety measures and emergency procedures. 

Table 3: Overall workload judgement: interval definition 

Overall Workload Judgement Interval 
Absolutely Overloaded (+75%; +100%] 
Strongly Overloaded (+50%; +75%] 

Fairly Overloaded (+30%; +50%] 
Weakly Overloaded (+10%; +30%] 
Balanced Workload [-10%; +10%] 

Weakly Underloaded [-30%; -10%) 
Fairly Underloaded [-50%; -30%) 

Strongly Underloaded [-75%; -50%) 
Absolutely Underloaded [-100%; -75%) 

4. Results and discussion 

The results of the X-NASA-TLX workload assessment 
study are presented and discussed in this section. First, the 
group pairwise comparisons for the scales (or group of 
factors) and for the single factors are summarized in Table 
4 and Table 5. In terms of the degree to which each scale 
contributed to the perceived workload, the scenario’s demands 
on the subjects (S1) recorded the highest influence on the 
perceived workload, followed by the subject’s interaction with 
the scenario (S2). This first outcome proves that the individual 
sphere has a greater influence on the perceived workload 
(61,48% on the total) compared to the collective (or 
teamwork) sphere (38,52%). A closer look at the results of 
the pair-wise comparisons of the single factors highlights 
the pivotal role of the Temporal Demand (F3), which is the 
most influential workload contributing factor by far 
(17,23%). The podium is then completed by the Physical 
Demand (F2) imposed by the scenario (12,71%) and the 
Failure (F4) perceived by the operator during the emergency 
operations (12,01%). According to the experts’ opinion, 
although the other factors have a weight below the 
threshold of 10%, they are very decisive to the 
determination of the workload perceived by an operator in 
case of industrial emergency. In particular, the workload is 
heavily affected (9,80%) by the Lack of Support (F11) received 
by or provided to the other team members during the 
emergency, followed by the feeling of Frustration (F6) while 
performing the tasks, whose weight is slightly greater than 
the 9%. The prominent role of the teamwork related 
aspects on the perceived workload is also demonstrated by 
the influence of the Cooperation Demand (F9) and 
Communication Demand (F8) that the emergency scenario 
imposes on the team members (respectively with 8,96% 
and 6,63%). The modest weight of the Mental Demand (F1) 
imposed by the scenario on the subject (6,10%) represents 
an interesting element of appraisal. It corroborates that fact 
that the critical and mental processing activities in an 
emergency scenario are less crucial than the teamwork 
demand in the determination of the operators’ workload. 
This intermediate result has been justified by the fact that 
an emergency management often degenerates into a mere 
execution of a predefined plan and sequence of well-
accurate tasks that leave little room for critical and 
subjective assessments. To conclude, the last four factors 
affect the perceived workload for a share lower than 5%. 

Table 6 presents the mean scores given by the 80 experts 
to the workload contributing factors in the proposed case 
study, both in the scale [-10; 0; +10] and as percentages. In 
this respect, it should be recalled that: 

- zero indicates that the factor does not affect 
neither adversely nor positively the workload; 

- a positive score indicates that the factor adversely 
affects the perceived workload (the operator feels 
overloaded while performing the tasks with 
reference to that factor); 

- a negative score indicates that the factor positively 
affects the perceived workload (the operator feels 
underloaded while performing the tasks with 
reference to that factor). 

Results show that the proposed emergency scenario is 
highly demanding in terms of time pressure (F3 contributes 
for 63,7%), physical work (F2 contributes with a similar 
score of 59,3%), cooperation and coordination needs (F9 
and F7 with a contribution of 50,7% and 37,6% 
respectively). The negative contribution on the workload 
perceived by the operators because of these four factors 
reflects coherently the design intents and confirm the 
diffuse sentiment that the implemented emergency 
procedures heightens the time pressure and the physical 
and cooperation demand in the emergency operators. All 
the remaining workload contributing factors have a positive 
(i.e. reducing) influence on the perceived workload (with 
different degrees). The required Effort (F5) to accomplish 
the achieved level of performance and the Communication 
Demand (F7) have a very slight positive contribution (almost 
neutral) to the perceived workload of the emergency tasks 
according to the experts.  

Three interesting considerations can be derived from the 
factors that instead appear to reduce the amount of 
workload perceived by the operators. The proposed fire 
emergency has been managed successfully by most of the 
test subjects (73 subjects out of 80) – meaning that the fire 
has been extinguished and the emergency procedure has 
been respected properly. This does not necessarily mean 
that in the remaining 7 cases the fire was not controlled, 
but that it has been managed without following the correct 
protocol. Indeed, in all the seven cases, procedural errors 
have been done by the real players. Only in 3 cases, this 
improper behaviour jeopardized the scenario and resulted 
in a breakdown with an uncontrolled fire. The most 
significant procedural errors made by the players are 
reported in Table 7: it is worth reporting that an escalation 
of the situation and final breakdown has been observed 
only in the cases #2, 3 and 6 (3 out of 7). This does not 
necessarily mean that a specific combination of human 
errors will result into a breakdown but that they are likely 
to escalate into secondary effects and then a breakdown. 

It is worth mentioning that the emergency management is 
considered unsuccessful when the players have not 
respected the procedures properly. Therefore, in the 
proposed case study, the risk that the emergency results in 
an uncontrolled disaster is 3.75% (3/80). However, at this 
level of detail, further risk analysis can be associated to this 
kind of study to evaluate the probability and severity of 
each cause of improper emergency management. 
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Table 4: X-NASA-TLX scales’ weights 

Scale Weight Rating 
S1 36,04% 1 

S2 25,44% 2 

S3 20,51% 3 

S4 18,01% 4 

Table 5: X-NASA-TLX factors’ weights 

Factor Weight Sum of Weights Rating 
F1 6,10% 6,1% 8 
F2 12,71% 18,8% 2 

F3 17,23% 36,0% 1 

F4 12,01% 48,1% 3 
F5 4,36% 52,4% 11 

F6 9,07% 61,5% 5 
F7 4,91% 66,4% 9 

F8 6,63% 73,0% 7 
F9 8,96% 82,0% 6 

F10 3,50% 85,5% 12 
F11 9,80% 95,3% 4 

F12 4,71% 100,0% 10 

Table 6: X-NASA-TLX factors scores and weighted scores 

Factor Score Score (%) Weighted Score Rating 
F1 -4,41 -44,1% -2,69%  10 
F2 5,93 59,3% 7,54%  2 
F3 6,37 63,7% 10,98%  1 
F4 -3,33 -33,3% -4,00%  11 
F5 -0,65 -6,5% -0,28%  5 
F6 -2,85 -28,5% -2,59%  9 
F7 3,76 37,6% 1,85%  4 
F8 -1,04 -10,4% -0,69%  6 
F9 5,07 50,7% 4,54%  3 
F10 -4,89 -48,9% -1,71%  8 
F11 -5,12 -51,2% -5,02%  12 
F12 -3,08 -30,8% -1,45%  7 

Table 7: Causes of improper emergency management 

Causes 1 2 3 4 5 6 7 
The player did not launch the 
alarm   ✔    ✔ 

At least one personal 
protective equipment has not 
been used 

 ✔  ✔  ✔  

Delays in connecting the hose 
to the fire system and to the 
nozzle 

✔  ✔     

The player forgot to cool the 
surrounding objects  ✔   ✔ ✔  

The player left the room of 
the fire too early ✔ ✔ ✔    ✔ 

 

Secondly, the sense of Failure (F4) and Frustration (F6) do not 
have an adverse bearing on the perceived workload, but 
rather decrease the OWJ consistently. Similarly, the Mental 
Demand (F1) has a substantial contribution on reducing the 
workload because the operators know pretty well what they 
have to do according to the emergency procedures and 
there was no need for subjective decision-making.  

The third consideration is related to the good performance 
achieved by the test subjects in this experimentation. The 
experts confirmed that the other IA-driven team members 
were very supportive and synergistic, thus helping the 
actual operator driving the emergency towards a resolution 
without setbacks. Therefore, the proper support by the 
team members and the operators’ satisfaction about the 
team effectiveness pushed down the perceived workload. 

If we now move the focus to the weighted scores that 
consider also the relative importance of each factor, our 
final considerations slightly deviate from those just 
described (though the overall comments are the same). 
Table 6 shows the weighted scores and corresponding 
rating while Figure 6 illustrates in a synoptic view the 
weights and the scores of every workload contributing 
factor. The weighted score or contribution to the perceived 
workload is represented by the area of the corresponding 
rectangle. In this final configuration, F3, F2 and F9 keep 
their high contribution to the perceived workload due to 
their higher weight compared to the other ones. On the 
opposite side, the very low sense of failure (F4) and the 
good support (F11) by the team members lower significantly 
the perceived workload level. The contributions of the 
other factors are instead mitigated when weighting the 
scores: their contributions (indicated in Table 6 by a yellow 
dash) lie in the range (-3,3%; +3,3%). 

 
Figure 6: Graphic representation of the X-NASA-TLX 

workload contributions 

This analysis can be concluded with the calculation of the 
Overall Workload Judgement as an algebraic sum of 
weighted scores. In the proposed case study, the OWJ is 
equal to 6,48%, meaning that the operator feels marginally 
overloaded. However, according to the intervals defined in 
Table 3, we can conclude that the OWJ lies in the range      
[-10%; +10%] and that the proposed emergency procedure 
in the case of a fire in the recreated steel mill guarantees a 
properly balanced workload. This does not mean that the 
emergency will be certainly work out successfully but a 
combined assessment of the results of the testing sessions 
and of the perceived workload provides interesting insights 
to assess/re-design (if needed) the emergency procedures. 
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5. Conclusions and future work  

The contribution of the study lies in coupling two new 
workload assessment indexes with VR/SG with the aim to 
investigate workload problems. While the classification of 
the workload contributing factors confirms the idea that 
teamwork factors significantly impact on the perceived 
workload, the results of the testing sessions cannot be 
compared to other quantitative approaches. To date, the 
previous workload assessment and balancing studies are 
based exclusively on subjective questionnaires that are 
inapplicable and unreliable in case of emergency scenarios 
because people trained to manage emergencies have 
seldom been in front of a real disaster. The proposed study 
offers instead a framework to assess reliably the human 
workload in case of emergencies through VR and SG and 
is capable of providing precise quantitative guidelines to 
balance the workload and to (re)design workplace safety 
and emergency procedures. 

Future research work may investigate how more complex 
emergency scenarios or different collaboration patterns 
(e.g. less collaborative team members) impact on the 
workload or on the effectiveness of the emergency 
procedures. Furthermore, in the light of the irreplaceability 
of live exercises (it is hard to recreate, for example, the 
perceived feeling of heat on the skin due to the fire), further 
research will be carried out in the next future to increase 
the sense of realism for example by using Mixed Reality 
devices (e.g. super-imposing virtual scenarios to real ones). 
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