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Abstract

The nuclear power industry has historically used paper-based procedures, but a shift towards computer-based procedures
(CBPs) has the potential to reduce human errors, alleviate mental workload, and improve work performance. Twenty-
seven participants were randomly assigned to one of three CBP types using the Rancor Microworld Simulator, and each
performed two different types of operational scenarios (startup and loss of feedwater). The three CBP types varied in
levels of digitalization. It was hypothesized that there would be less favorable impressions of the most basic procedures, and
that these would demonstrate lower usability than types with greater digitalization. Overall, our predictions were partially
supported with some interesting caveats, specifically with some performance benefits for CBPs that provided indicators
but not embedded controls. We discuss our findings in terms of optimal levels of digitalization/automation within nuclear

operations and suggest pathways for future directions.
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Introduction

The United States’ fleet of nuclear power plants (NPPs) is of
great importance to the nation’s energy security, providing
approximately 20% of all electricity. While existing plants
have been rigorously maintained and operations are safe and
functional, continued maintenance is expensive, and securing
legacy replacement components is becoming difficult. Thus,
many plants are making capital investments in upgraded
instrumentation and control systems.

One upgrade involves a shift away from using paper-
based procedures towards computer-based procedures
(CBPs). The purpose of a procedure is to guide operators
through a particular task — they are expected to follow it pre-
cisely and without deviation from the instructions. A 1995
report from the U.S. Nuclear Regulatory Commission (NRC)
revealed that problems following paper-based procedures
contributed to the majority of reportable events (NRC, 1995).
The report highlighted several challenges with paper-based
procedures, including identifying the correct procedure to
follow, the stress involved with following multiple nested
procedures in emergency scenarios, and issues with divided
attention.

Modernizing procedures includes the integration of elec-
tronics devices and machines, such as computers, into an
environment where tasks were originally executed by humans
(Parasuraman & Riley, 1997). Using digital tools can help
lower the number of human errors produced by alleviating
some of the operator's mental workload, which can directly
impact performance (Hwang et al., 2008). The Institute of
Electrical and Electronics Engineers (IEEE) Standard 1786
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classifies CBPs into three types, depending on the amount of
digitalization integrated into the procedure (IEEE, 2022). By
the IEEE’s definition, a Type I procedure closely resembles a
traditional paper-based procedure in that it displays the
instructions on a computer screen. Type II has more capabili-
ties and can additionally display process data and step logic,
visualize results, and provide access links to displays and soft
controls that reside on a separate system. Type III has the
additional capability to automatically carry out sequences in
the procedure and has embedded soft control features. Unlike
Types I and II, Type III procedures can manipulate the plant
directly from within the procedure instructions.

While a great deal of research by human factors scientists
has investigated CBPs in terms of hybrid control room needs
(Le Blanc et al., 2015), use in field activities (Le Blanc et al.,
2012; Oxstrand & Le Blanc, 2018), and frameworks for
implementation (Lew et al., 2018), a gap remains in our
knowledge as to how these different procedure types impact
usability and user impressions. Thus, the current experiment
examined these outcomes using the Rancor Microworld
Simulator (Ulrich et al., 2017). It was hypothesized that par-
ticipants would have less favorable impressions of the most
basic Type I procedures, and that these would demonstrate
lower usability than Types II or II1.

Method

Participants

Twenty-seven individuals (19 males, 8 females) participated
in the study (Mean age = 27.85, SD = 1.41; Range = 21 to
62 years), with 25 participants coming from the Idaho
National Laboratory (INL) Intern Enrichment Program.
Nineteen participants reported that they did not have previ-
ous experience with nuclear operations. The INL Institutional
Review Board approved the research (INL0O00172) and
signed consent was received from the participants.

Experimental Design

We used a between-subjects experimental design with one
independent variable: CBP-type with three levels (Type I (n
= 10), Type I (n = 8), and Type III (n = 9)). To increase
ecological validity, as is typical with human factors studies in
nuclear operations, participants each completed two different
scenarios: normal operations (startup) and abnormal event
(loss of feedwater). The startup scenario required partici-
pants to use a procedure that would start up the reactor (bring
the reactor to criticality and begin load-following). To com-
plete this scenario successfully, the reactor must not be
tripped (shut down). The loss of feedwater scenario required
participants to carry out a fault diagnosis and then shut down
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Figure 1. The Rancor Microworld Simulator, depicting the
process overview (left), P&ID (upper right), and controls
(lower right).

the reactor. To complete this scenario successfully, the reac-
tor must safely be shut down within the time limit.

Rancor Microworld Simulator

Rancor is a simplified simulator that mimics both everyday
operations and emergency situations performed in an NPP. It
was developed at INL and the University of Idaho (Ulrich
et al., 2017) by human factors scientists and contains essen-
tial NPP components and systems such as the reactor core,
control rods, reactor cooling and feedwater pumps, bypass
and load valves, steam generators, and turbine. The interface
consists of three areas (see Figure 1). The Piping and
Instrumentation Diagram (P&ID) depicts the relationship
between piping, process equipment, instrumentation, and
control devices. This displays the state of the plant. The
Overview area collates much of the important information
from the P&ID and puts it in one convenient location. This
visual area also contains the alarm panel. The Control area
allows the user to control the plant. These interface elements
may be joined as a single screen or split across separate win-
dows or screens.

Importantly, Rancor allows both operations experts and
novices without operations experience to effectively moni-
tor and control a simulated NPP to a proficient level. It
monitors and records the status of all plant parameters as
well as any actions taken by participants in each step of a
procedure. Several studies have employed Rancor to suc-
cessfully collect human factors and human reliability data
involving nuclear operations. Recent studies have com-
pared student and licensed operators and demonstrated
good generalizability of findings from student participants
(Park et al., 2022).
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Measures

Rancor Simulator Logs. The simulator log data comprised the
following:

1. Generated revenue (calculated as the difference in
dollars between revenue at the beginning and end of
each scenario).

2. Proportion of time in scenario with core temperature
within range (between 400 and 650 degrees).

3. Actions performed (mean per scenario).

4. Scenario completion time (mean time in seconds).

Surveys. The National Aeronautics and Space Administra-
tion Task Load Index (NASA-TLX) measures subjective
mental workload (Hart & Staveland, 1988). Participants
were asked to rate how they felt completing each task on a
10-point scale. A higher score is indicative of a higher level
of mental workload.

The Situation Awareness Rating Technique (3D-SART;
Taylor, 1990) assesses attentional resources demand, atten-
tional resources supply, and situation understanding on a
7-point Likert scale. The following formula is used to calcu-
late the overall situation awareness (SA) score: SA = U — (D
— S), whereby U represents understanding, D represents
demand, and S represents supply. Higher scores are indica-
tive of a higher level of situation awareness.

Using a 10-point Likert scale, participants rated the extent
to which the procedures helped. Using a forced choice “yes /
no” response, participants indicated whether they had been
successful in completing the procedure and whether they had
tripped the plant. Finally, participants indicated how much
they liked the CBPs (10-point Likert scale).

Experimental Procedure

Participants were randomly assigned to one CBP-type (Type
I, Type 11, or Type III). They provided informed consent,
completed a brief demographic survey, and watched a Rancor
Microworld Simulator training video specific to their CBP-
type group assignment. The video explained how nuclear
power is generated, introduced the Rancor interface, the pur-
pose of using procedures in nuclear operations, and the
study’s goals. The video then went through the startup sce-
nario using the procedure in Rancor. Participants had three
minutes to practice. The same occurred for the loss of feed-
water scenario. This was followed by three trials of each sce-
nario, after which the NASA-TLX, the 3D-SART, and other
post-scenario items were completed. At the end of the study,
participants indicated how much they liked the CBPs.
Finally, they were debriefed and thanked for their time.

Data Analysis

The frequency data were analyzed using Chi-square good-
ness-of-fit tests. All other data were subjected to one-way

Analyses of Variances (ANOVAs) to compare the effects of
CBP-type on usability and user impressions. When appropri-
ate, non-event and event scenarios were analyzed separately.

Results

Table 1 provides the results of the one-way ANOVAs. All
post-hoc comparisons were conducted using Tukey- Kramer
tests. Given the nature of different scenario types on the
Rancor simulator log data, these were analyzed separately.
For the startup scenarios, there was a significant main effect
of CBP-type on Generated revenue: Type II CBP generated
more revenue than Type I (p = .022). For the loss of feedwa-
ter scenarios, there was a significant main effect of CBP-type
on actions performed: Type I CBP resulted in more actions
performed than Type III (p = .032). There were no other sig-
nificant findings for any other usability metric with the
Rancor software.

For the survey data, there was a significant main effect of
CBP-type on the NASA-TLX; Type I produced higher men-
tal workload than Types II (p = .038) and III (» <.001).
These results were similar for both scenarios. Overall, there
was a non-significant trend for 3D-SART, but for the startup
scenarios only, Type II CBP generated greater situation
awareness than Type III (»p = .035). There was no difference
across CBP-types for liking ratings. However, Type 1 was
rated less helpful than the others; this was driven by the
startup scenario in which Type I produced lower ratings than
Type I (p = .018) and Type III (p = .016).

Type I CBPs produced a greater likelihood of failure to
complete the scenarios compared to Types II and IIT (%2
(2,150) = 8.57, p = .014) (Figure 2), driven by the startup
(%2 (2,80) = 12.04, p = .002) but not loss of feedwater sce-
narios. There was also less success completing the startup
scenarios overall (32 (1,150) = 16.38, p < .001), likely a
result of the lengthy duration involved with this procedure.
Overall, the plant was tripped less with Type II CBPs com-
pared to Type I and Type III, (32 (2,148) = 6.41, p = .040)
(see Figure 3). Finally, there was no significant difference in
plant trips between startup and loss of feedwater scenarios.

Discussion

This is the first experiment to test usability and user impres-
sions of the three types of control room CBPs defined by
IEEE-1786. There are important links to these procedure
types and levels of automation. While Type I had no automa-
tion embedded within the procedure, Type II featured infor-
mation automation, and Type III featured a limited degree of
control automation. We hypothesized that Type I CBPs
would demonstrate lower usability and elicit less favorable
impressions compared to Types II or III. Our predictions
were partially supported but with some interesting caveats.
The Rancor simulator logs revealed that greater procedure
digitalization produced better participant performance (more
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Table I. Survey and Rancor Microworld results as a function of CBP-Type.

Computer-Based Procedure (CBP)

Type I Type O Type I
n Mean SE n Mean SE n Mean SE F
Startup
Generated revenue 30 35,072 21,867 24 124,141 24,448 27 85,608 23,050 3.76*
% time with core T in range 30 0.38 0.04 24 0.52 0.05 27 0.39 0.04 2.98
Actions performed 30 39.7 4.8 24 54.7 54 27 524 5.1 2.58
Time to complete scenario 30 545.2 14.0 24 543.0 15.7 27 516.2 14.8 1.21
Loss of feedwater
Generated revenue 22 104,084 6,743 20 85,762 7,072 22 82,602 6,743 2.93
% time with core T in range 22 0.14 0.02 20 0.13 0.02 22 0.12 0.02 0.37
Actions performed 22 54.3 5.6 20 394 5.87 22 33.9 5.6 3.56%
Time to complete scenario 22 540.2 229 20 535.4 24.1 22 4933 229 1.25
Both scenarios
NASA-TLX 54 5.78 0.19 43 5.08 0.21 53 4.67 0.19 9.00%**
3D SART 54 5.57 0.24 44 6.14 0.27 53 523 0.25 2.75
Helpfulness of CBP 54 822 0.21 48 8.88 0.23 54 8.89 0.21 3.10%
Liking of CBP 54 7.89 0.26 48 8.25 0.28 54 8.44 0.26 1.15
p<.05; Frp<.01; F¥p<.001.
$ 0.8 0.6
5 0.5
S 06 g
ko, © 0.4
£ 04 £03
3 s
o & 0.2
> 0.2 [
ks 0.1
g 0 — 0
Type I Type I Type II Type 1 Type I Type I
W Startup Loss of feedwater W Startup Loss of feedwater

Figure 2. Proportion of trials finished.

revenue and less actions taken), but that this depended on the
type of scenario. Otherwise, there was little difference across
CBP types. The survey data was more discerning in that there
were clearer preferences for greater digitalization across
both types of scenarios, but especially for startup.

Although the participants did not indicate any significant
preference for one type of CBP over another, they did con-
sider greater digitalization more helpful. Further, for the
startup scenarios, Type II produced higher situation aware-
ness compared to Type III. This is interesting considering
that Type II also elicited the least amount of plant trips. It
could be the case then, that the convenience of a highly digi-
talized procedure does not represent optimal conditions for
users and instead causes a drop in awareness which affects
performance, at least for the startup scenario. Additionally,

Figure 3. Proportion of trials with plant trips.

Type II produced the highest completion rates. Taken
together, these data suggest that Type II procedures, absent
embedded soft controls as with Type III, but with the addi-
tion of plant process indicators and step logic compared to
Type I, may represent the ‘sweet spot’ of computerized pro-
cedures, at least for control room operations.

This finding, an inverted U-shaped function, was sur-
prising given the age range of participants who represent
‘digital natives.” This term describes the generation that
grew up in the last 25 years, with digital technology being
a part of their entire lifetimes, surrounded by the internet
and personal devices (Gani, 2018). Thus, it was expected
that this younger cohort would prefer greater technology
and more sophisticated levels of digitalization as with Type
III CBPs. This expectation was borne out for mental
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workload results, which was reported to be lowest for Type
III. Yet generally, the findings speak more to a manual /
digital balance being favored. It may be the case that when
perceived stakes are high, such as nuclear operations, indi-
viduals wish to retain some level of autonomy over control
functions. This is in keeping with prior research that sug-
gests existing NPP operators may feel discomfort relin-
quishing controls to technology, and a step-wise approach
to modernized upgrades will likely curry more favor in the
near term (Lew et al., 2017).

Nonetheless, the overall finding of the inverted U-shaped
function mimics several other psychological processes in
which performance or optimal conditions are represented in
the middle. For example, it is well documented that exposure
to some amounts of stress facilitates performance in domains
such as organization (Anderson, 1976), work productivity
(Wilke et al., 1985), and cognitive function (Sandi, 2013).
This has also been demonstrated in animal research (Salehi
et al., 2010). Too much or too little stress intensity results in
a performance decline. This psychological principle may
apply to the human factors research outlined here such that
the digitalization level introduced to NPP control rooms
must be carefully gauged somewhere in the middle for the
greatest benefit. Certainly, this is in keeping with several
prior works that highlight this necessary balance (Boring
et al., 2019; Marras, 2010). Additionally, future research
should consider how developmental aging impacts digitized
systems and automation in CBPs, given different age-sensi-
tive motivations to adopting new technologies (Morris &
Venkatesh, 2000), and cognitive skillsets that may favor
older operators in certain advanced automated protocols
(Hall et al., 2022).

Strengths of this research include being the first study to
experimentally test usability and impressions of the three dif-
ferent types of CBPs as defined by the IEEE. Given that
CBPs present a pathway to NPP cost-savings, and by exten-
sion shoring up U.S. national energy security, these findings
are critical to the industry. Another strength is the experi-
mental design, allowing causal inferences to be made.
Participants were randomly assigned to each of the three pro-
cedure types, balancing out any individual differences
between group members. In addition, the experimental pro-
tocol required the participants to complete the scenarios mul-
tiple times, providing greater reliability in our findings.

However, these results must be considered within some
limitations. First, our sample size was small and so the find-
ings reported here should be considered preliminary. Second,
the participants were novices, and not NPP operators, and we
used a simplified version of a nuclear operations simulator
which may have impacted the results. Future research should
aim to have larger sample sizes and test operators and where
possible, within a full scope NPP control room simulator. It
would also be interesting to see if there are differences in the
type of CBP preferred by novices and NPP operators.
Furthermore, this would amplify our understanding of the

feasibility and generalizability of CBPs, and whether our
findings can be replicated under more realistic control room
conditions.
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