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ABSTRACT

The management and assessment of operator workload is a critical element of nuclear
power plant (NPP) safety. Operators in the NPP main control room (MCR) often face
workload that varies both quantitatively and qualitatively as immediate task demands
change. Although workload is an intuitive construct, it is not easy to define and
measure in practice. This paper reviews the conceptual and empirical challenges in
workload assessment, discusses the evolution of workload in MCRs, and presents
subjective workload data from recent U.S. Nuclear Regulatory Commission (NRC)’s
Human Performance Test Facility (HPTF) studies. Designs for NPP control rooms will
increasingly utilize new technology, ranging from digitization of I&C through automa-
tion of operator functions to eventual use of AI. Workload assessment can contribute to
determining whether the technology reduces cognitive demands on operators or has
detrimental effects, such as increasing the vulnerability to human errors. We advocate
for a multidimensional workload assessment approach based on Multiple Resource
Theory and workload assessment should be combined with measurements of other
constructs such as situation awareness, teamwork, and trust to identify vulnerabilities
to error in NPPs.
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INTRODUCTION

Themanagement and assessment of operator workload is a critical element of
nuclear power plant (NPP) safety. The main control room (MCR), the com-
mand and control center of the NPP, has over 8000 displays and controls,
including over 1000 annunciator tiles, 700 analogue and digital indicators
and trend recorders, and over 2000 switches (rotary and toggle; Anokhin,
Lourie, Dzhumaev, Golovanev, & Kompanietz, 2010). Operators in the
NPP MCR often face workload that varies both quantitatively and quali-
tatively as immediate task demands change. Workload varies with different
task types, such as maintaining vigilance to monitor specific instrumentati-
ons, locating and checking status of other instrumentations using multiple
attention resources (e.g., visual, spatial, verbal), or physically manipulating
controls. Therefore, profiling operators’ workload is one basis for evaluating
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NPP designs in compliance with human engineering principles in the NRC’s
NUREG-0711 (O’Hara, Higgins, Fleger, & Pieringer, 2012).

Workload is an intuitive construct that is hard to define and measure (Mat-
thews & Reinerman-Jones, 2017). Broadly, workload can be defined as the
allocation of processing resources to meet task demands (Wickens, 2008). In
Human Reliability Analysis (HRA) for the nuclear industry, workload is seen
as a Performance Influencing Factor (PIF) or Performance Shaping Factor
(PSF) that influences operator error likelihood (e.g., Kolaczkowski, Forester,
Lois and Cooper, 2005). However, workload assessment raises several conce-
ptual and empirical challenges. First, although workload was traditionally a
unitary construct (Moray, 1967) contemporary cognitive models, such as the
Multiple Resource Theory (MRT; Wickens, 2008), and findings from recent
empirical studies (Lin et al., 2021; Reinerman-Jones et al., 2019) tend to
reject the unitary construct assumption and support that workload is mul-
tidimensional. In the unitary model, performance degradation results from
an insufficiency of resources to meet task demands, regardless of the specific
information-processing required. In contrast, the MRT asserts that workload
does not impact performance until the specific pool of resources required for
the task is depleted. Therefore, tasks that demand resources from pools on
different dimensions, such as verbal and spatial processing pools, may not
interfere with each other (Wickens, 2002). In other words, although the ove-
rall workload may be high, performance can be maintained as long as the
workload on each dimension is not over-taxed. MRT can potentially be used
as a guide to designing I&C so as not to overload any specific resource pool
(e.g., Hugo, 2012).

Second, MRT predicts that operators can adjust to high workload stra-
tegically, especially in complex task environments, for example, by shifting
resources to high priority tasks (Matthews & Reinerman-Jones, 2017). Thus,
workload increases are not necessarily reflected in performance deficits.
Strategic management is also influenced by stress and fatigue (Matthews,
Wohleber & Lin, 2019). Operators may neglect the task or task compo-
nents when performance goals decline in salience, but increase effort when
workload is perceived as motivating and challenging (Lin et al., 2000).

Third, dissociations between alternate workload assessments are common
(Hancock &Matthews, 2019). The NASA-TLX (Hart & Staveland, 1998) is
commonly used as a simple unitary assessment, but scores are not necessarily
informative about neural responses to task demands, assessed psychophysi-
ologically (Matthews & Reinerman-Jones, 2017). In general, multivariate
workload assessment is desirable to build up a full picture of operator
response to task demands in a given context (Matthews & Reinerman-Jones,
2017). For example, our recent work has addressed the sensitivity of different
subjective and objective workloadmetrics for different tasking configurations
of an MCR simulation (Lin, Matthews, Barber & Hughes, 2021).

WORKLOAD IN DIGITIZED MAIN CONTROL ROOMS

Workload assessment is especially important in the NPP context because rea-
ctors in the United States utilize a variety of plant designs, interfaces, and
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safety systems. For example, the MCR must be designed differently depen-
ding on whether the plant is a boiling water reactor (BWR) or a pressurized
water reactor (PWR), and the workload factors in the two types of plant
may thus differ. In addition, as digital technology develops, new designs
and information technology become available to the nuclear power com-
munity and MCR designs are evolving to reflect plant modernization. A
field study interviewed operators from a modern plant with more automa-
tion and computer-based displays in the MCR as well as conventional plants
with analog, hard-wired control rooms and found that the modern MCR
requires operators to have more knowledge about the interface and induces
additional workload (Vicente,Mumaw,&Roth, 1998). Updates to NRC gui-
delines for reviewing interface designs in NUREG-0700, Rev. 3, highlight the
impact of computer input devices and displays, as well as the potential risks
of degradation of digital I&C systems (Fleger, O’Hara & Higgins, 2017).

Emerging technology brings new concepts, such as digital instrumenta-
tion, computerized interfaces, and automated systems, to MCRs which are
designed to enhance plant safety, improve operation efficiency, and alleviate
operator workload, but it also introduces new human factors issues, inclu-
ding an increase in monitoring workload, reduction in situation awareness
of the system, and degradation in manual operating skills. Yang et al. (2012)
found that compared to conventional paper-based procedures and compu-
ter display of documents, participants using modern computerized operating
procedures reported the lowest workload and highest situation awareness
in a study using a feed water system simulator with digital instrumentation
and controls. Another study (Zou et al., 2017) found that introduction of a
digital control room design reduced cognitive load associated with collecting
and integrating information but added cognitive load because of the need
to perform interface management tasks. Certain errors appeared to become
more probable, including erroneous mouse clicks, data entry errors, errors
in target identification, and errors in information gathering. Operators had
less awareness of the behaviors of other operators, relative to conventional
control rooms. A study investigating the impact of automation on performa-
nce and workload revealed that automated systems help to alleviate operator
workload and enhance performance in terms of reducing human errors in
a MCR reactor shutdown task (Jou, Yenn, Lin, Yang, & Lin, 2009). Ano-
ther recent simulator study investigating the impact of newMCR technology
showed that touch screen interface with digitalized representation of analog
instrumentation and controls could alleviate operators’ workload in terms
of lowering several mental processes, including multiple spatial and visual
related process (Reinerman-Jones, Lin, Barber, Matthews & Hughes, 2019).

Emerging technology can potentially bring performance-enhancing bene-
fits, but the beneficial effect may depend on other factors, including human-
system interface (HSI), plant operating conditions (i.e., general, abnormal,
or emergent), task property, staffing, etc. Technology may also introduce
new workload challenges and unwanted side effects (Porthin, Liinasuo &
Kling, 2020). Novel demand factors cited by Kim and Park (2018) include
added complexity of automated systems and novel tasking, keeping track
of the operational mode of the automation, and correctly diagnosing errors
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made by the automation. Workload management in digitized control rooms
may also interact with the teamworking style of the crew. Reviewing this
issue, Bye (2023) discusses how the introduction of computerized procedure
systems (CPS) can influence communication between operators and lead to
imbalances in the distribution of workload across operators.

Such issues are likely to loom larger as technology advances further. There
is increasing interest in the use of Artificial Intelligence (AI) to support plants
that can operate autonomously, including small modular reactors (Kim &
Alameri, 2020). AI may also provide operator assistance in conventional
reactors, such as decision support, sensor fault detection and diagnosis,
and predictive maintenance (Sethu et al., 2022). Well-designed systems of
this kind assist safer plant operations, but human-AI interaction also rai-
ses a variety of human factors challenges including incomprehensibility of
AI decision-making, threats to situation awareness, failures in trust opti-
mization, and uncertainty over decision authority (Matthews et al., 2021;
Sethu et al., 2022).

Some empirical work has highlighted the potential downsides of new
technology. A study conducted using an advanced power reactor simula-
tor discovered that computerized operating procedures may affect operator
performance and exacerbate operator workload, especially for shift supervi-
sors (Kim, Jung, & Kim, 2014). The utilization of computerized operating
procedures requires more operative activities, such as selecting and confir-
ming steps and substeps, and in turn, demands more cognitive and physical
resources. The impact of automation on workload may be moderated by
task properties. Evidence from a simulation study indicated that automa-
tion was only helpful in reducing workload in relatively low-workload but
prolonged task (e.g., reactor shutdown task) whereas automation did not
necessarily affect the workload during the reset alarm task (Jou, Yenn, Lin,
Yang, & Chiang, 2009). Although the touch screen interface was found to
produce lower overall workload and lower demands on short-term memory,
it induced more brain activities and was related to more navigation errors
and higher frequency of missed events (Matthews, Lin, Coole, Hughes, &
D’Agostino, 2020). Nystad, Kaarstad and McDonald (2019) highlighted the
challenges of decision-making with degraded instrumentation in automatic
systems. Simulator studies showed that operators were sometimes effective
in handling incidents in which indications were anomalous. However, they
made errors in cases where they failed to evaluate alternative hypotheses for
faulty indications due to a conjunction of an inappropriate “frame” or men-
tal model for plant status and high concurrent workload. Operator adoption
of a faulty mental model is a known issue for human-machine interaction
and is likely to become more salient as machines become more complex and
intelligent (Matthews et al., 2021).

HUMAN PERFORMANCE TEST FACILITY

The Human Performance Test Facility (HPTF) at the University of Cen-
tral Florida (UCF) Institute for Simulation and Training (IST) has aimed
to support the Nuclear Regulatory Commission’s mission by advancing,
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validating, and documenting workload assessment methodology for NPP
MCR operations using a generic plant simulator (Hughes, D’Agostino,
& Reinerman-Jones, 2017). Controlled experimental studies of workload
response conducted at UCF have utilized the HPTF methodology constru-
cted with support from NRC, including inputs from Subject Matter Experts
(SMEs). The HPTF provides a facility for assessment of the impact of novel
designs, technologies, and concept of operations on operator workload and
performance using human-in-the-loop experiments. It relies on aGSEGeneric
PWR (GSE GPWR) simulator that can be configured to provide experi-
mental control over the task elements performed by operators. The GSE
GPWR simulator has the capability to be full-scope, and is adaptable for
simulating specific experimental scenarios as a part-task simulator. HPTF
experiments use a modified generic Emergency Operating Procedure (EOP)
that requires participants to perform predetermined tasks to respond to a
loss of all alternating current power to the plant’s safety buses (EOP-EPP-
001 GSE Power Systems, 2011). Three key features of the methodology are:
(1) the use of novice participants, (2) the definition of task components (i.e.,
checking task, detection task, and response implementation task), and (3)
multivariate workload assessment using both subjective and objective mea-
sures. In the following sections, we review some illustrative workload-related
findings discovered from recent studies of the HPTF project conducted in
our laboratory. For reasons of space, we only describe subjective workload
data although multiple psychophysiological measures were also taken (see
Lin et al., 2021).

HPTF studies have focused on investigating the impact of HSI design (e.g.,
touchscreen interface with digitized representations of instrumentation and
controls) and levels of automation. Descriptive statistics of selected subjective
workload measures from three studies featuring different MCR technology
are summarized to profile the evolution of workload demand of the con-
trol room with plant technology. The study designs of the three studies are
summarized in Table 1. In Study C, participant performed with automation
configured for one of two Levels of Automation (LOA). The lower LOA
(management by consent) required explicit endorsement or over-ride of the
automation, whereas the higher LOA (management by exception) implemen-
ted the automation unless the operator chose to over-ride within a set time
window.

Table 1. Summary of study designs.

Study A Study B Study C

Participant Expert operators Student novices Student novices
Sample Size 30 (M = 55.5,

SD = 7.8)
71 (M = 20.2,
SD = 2.7)

44 (M = 20.9,
SD = 5.8)

Technology Conventional Digital I&C Digital I&C
Interface Analog Touchscreen Touchscreen
Automation NA NA Two LOAs
Crew Crew of three Crew of three Individual
Procedure Paper Paper Computerized
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The NASA - Task Load Index (NASA-TLX; Hart & Staveland, 1988) is
a widely used measurement of subjective workload. It provides an overall
workload score along with ratings from its six subscales. It is a quick tool
to profile task-induced workload in terms of the quantity of workload. The
mean and standard deviation of NASA-TLX ratings from the three studies
are summarized in Table 2. According to the global workload ratings, com-
puterized procedures with automation, regardless of level, tend to reduce the
overall operator workload.

The Multiple Resource Questionnaire (MRQ) was used to characterize the
nature of the mental processes used during a task (Boles & Adair, 2001). The
following 14 of 17 scales were included for the HPTF studies: auditory emoti-
onal process, auditory linguistic process, manual process, short-termmemory
process, spatial attentive process, spatial categorical process, spatial concen-
trative process, spatial emergent process, spatial positional process, spatial
quantitative process, visual lexical process, visual phonetic process, visual
temporal process, and vocal process. MRQ can help to understand the sou-
rce of the workload. The mean and standard deviation of MRQ ratings from
the three studies are summarized in Table 3. The high ratings from spatial

Table 2. Summary of NASA-TLX ratings.

Study A Study B Study C
Lower LOA

Study C
Higher LOA

Global workload 27.92 (16.60) 30.93 (16.19) 22.21 (14.95) 25.43 (16.00)
Mental Demand 44.67 (23.74) 39.01 (24.12) 37.00 (28.88) 38.63 (32.35)
Physical Demand 19.17 (18.85) 20.72 (17.19) 17.29 (14.52) 21.89 (21.01)
Temporal Demand 29.83 (23.91) 32.25 (20.85) 19.14 (21.13) 28.06 (25.24)
Effort 31.00 (26.18) 29.06 (18.94) 20.71 (18.03) 25.77 (24.56)
Frustration 17.83 (21.44) 33.79 (20.02) 18.49 (27.23) 17.97 (20.39)
Performance 25.00 (29.21) 30.77 (20.72) 18.49 (27.23) 17.97 (20.39)

Table 3. Summary of MRQ ratings.

Study A Study B Study C
Lower LOA

Study C
Higher LOA

Auditory emotional 28.13 (21.29) 40.40 (24.90) 10.26 (23.77) 6.51 (16.91)
Auditory linguistic 68.80 (25.02) 69.89 (19.41) 11.34 (23.05) 15.26 (29.67)
Manual process 59.03 (26.27) 51.76 (22.43) 66.97 (29.30) 65.63 (30.53)
Short term memory 70.73 (18.78) 71.62 (20.10) 61.89 (30.20) 69.29 (27.67)
Spatial attentive 76.97 (17.64) 66.32 (19.59) 78.77 (27.19) 76.03 (25.84)
Spatial concentrative 52.97 (25.50) 59.03 (18.77) 61.03 (30.52) 61.26 (31.62)
Spatial categorical 53.73 (27.99) 55.15 (20.41) 52.83 (31.81) 50.03 (35.20)
Spatial emergent 64.00 (21.52) 66.71 (19.94) 70.43 (29.57) 68.31 (33.93)
Spatial positional 73.97 (17.59) 57.20 (18.95) 69.34 (28.73) 72.46 (28.98)
Spatial quantitative 59.27 (26.60) 49.77 (22.32) 59.40 (34.55) 57.69 (36.92)
Visual lexical 72.90 (19.34) 69.05 (20.85) 72.77 (29.21) 70.00 (30.33)
Visual phonetic 57.60 (32.52) 61.84 (22.14) 33.60 (35.67) 43.49 (39.45)
Visual temporal 42.83 (26.47) 43.28 (21.83) 65.86 (34.59) 63.71 (33.79)
Vocal process 73.17 (17.56) 67.42 (22.21) 16.26 (28.73) 15.63 (26.49)
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related processes in both conventional and modern MCR settings suggests
that MCR operations demand high spatial resources. Thus, the generally low
workload ratings indicated by the NASA-TLX are not fully capturing task
demands, consistent with Multiple Resource Theory (Wickens, 2008). Com-
puterized procedure system with automation may enable operators to work
to individually and reduce the workload associated with communications
among crew members, such as auditory related processes.

These tables indicate three key features of similarities and differences
in multidimensional workload response across studies. First, the profile of
subjective workload response is generally similar for the expert and novice
samples (Studies A and B), despite the difference in interface. The two groups
do not differ in overall NASA-TLX workload. As we have discussed elsewh-
ere (Lin et al., 2022), the impact of defined task demands is sufficiently strong
to produce consistent results across different levels of expertise. Second, in
Study C, we anticipated lower workload at the higher LOA, but, in fact,
LOA had minimal impacts on workload. As in other operational contexts
(Lin et al., 2020), higher LOAs do not necessarily mitigate workload, perh-
aps because the level of automation affects operator’s strategies for allocating
attention to different task components. Third, the workload profile in Study
C is in most respects similar to profiles in the studies without automation
(A and B). Thus, automation is not a panacea for elements of workload such
as spatial attentive and visual lexical demands which remain high in all stu-
dies. Elements of workload associated with human-human teaming such as
auditory and vocal process demands were much lower with automation, as
expected given that the operator performed alone. Surprisingly, visual tem-
poral demands were substantially higher in automated conditions, indicating
an unexpected consequence of automation. (The means for visual temporal
rating in Study B and Study C, lower LOA, differ significantly, t(113) = 4.32,
p <.001, d = .83).

IMPLICATION AND CONCLUSION

Designs for NPP control rooms will increasingly utilize new technology, ran-
ging from digitization of I&C through automation of operator functions to
eventual use of AI. These developments raise novel safety challenges requi-
ring new methods for HRA in safety regulation (Boring, 2014; Porthin et al.,
2020).Workload assessment can contribute to determining when digital tech-
nology intended to assist the operator is succeeding in reducing cognitive
demands, when managing technology is actually burdening the operator,
and when technology is having unanticipated impacts. Workload assessment
should be an element of initial design of interfaces and systems, of evaluating
operating procedures, and of operator training. Simple subjective scales such
as the NASA-TLX are adequate for detecting substantial cognitive overload
but have limitations for evaluating complex operational systems (Matthews
&Reinerman-Jones, 2017).We have advocated for a multidimensional asses-
sment approach based on Multiple Resource Theory (Wickens, 2008) that
is capable of identifying specific task elements that may tax the operator
excessively. Additionally, as the role of digitized systems expands, workload
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assessment should be combined with measurements of other key constructs
such as situation awareness, teamwork, and trust to identify vulnerabilities to
error (e.g., Reinerman-Jones et al., 2019). It is critical that advancements in
technology do not outpace methodologies for assessing their safety impacts.
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