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Abstract: The purpose of this study is to introduce a new and efficient virtual model-based ergonomic
simulation framework utilizing recent anthropometric data for a digitalized main control room
in an advanced nuclear power plant. The system interface of the main control room has been
undergoing digitalization via various information and control consoles. Console operators often face
human–computer interactive problems due to inappropriate console design. Computational models
with a process of visual perception and variables of anthropometric data are developed for designing
and evaluating operator consoles with the requirements of human factor guidelines. From the
3D computational model and simulation application, console dimensions and a designing test
module, which would be used for designing suitable consoles with safety concerns in a nuclear plant,
are proposed. To efficiently carry out console design and evaluation feedback, an intelligent design
review system comprising a virtual modeling and simulation framework is developed. The proposed
automated and virtual design review system provides console design efficiency and evaluation
effectiveness. This study may influence methods of employing suitable design concepts with various
anthropometric data in many areas with safety concerns and may show a feasible solution to designing
and evaluating the main control room.

Keywords: nuclear plant operation; anthropometric data; virtual reality model; ergonomic analysis;
human factor engineering

1. Introduction

While nuclear energy is considered by many analysts and policymakers as being representative
of sustainable energies, safety issues and accidents in nuclear power plants (NPPs) are among the
challenges in the construction of a nuclear plant and facilities. A number of institutions, including
International Atomic Energy Agency (IAEA), have published relevant data and analyses [1] for
preventing accidents and operation mistakes. Wheatley et al. [2] analyzed the 15 largest nuclear plant
disasters and measured their severities. These accidents and incidents have led to the regulations
and safety rules of NPPs becoming very tight. To illustrate, the United States Nuclear Regulatory
Commission (NRC) has classified detailed guides [3] into 10 divisions, including power reactors, fuel
and material facilities, transportation, and occupational health.

While a number of regulations and instructions guide every aspect in the modeling of an NPP
from construction to operations, safe and efficient operation control of NPPs is considered one of the
most important responsibilities. Several research studies, including that of Cipollaro and Lomonaco [4],
have focused on integrating methodologies by combining nuclear safeguards, safety, and nuclear
securities. These research studies indicated that the considerations of all safety-based components are
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required from the initial modeling stage of an NPP. In addition, these factors are considered in the
evaluation of an operating NPP. This research considers this viewpoint and proposes an ergonomic
modeling and evaluation framework for supporting nuclear safeguards, safety, and security.

According to the NRC [5], most NPP facilities and parts have to be monitored and controlled
in a key space, i.e., the ‘control room’. It is defined as an area in an NPP from which most of the
plant’s power production and emergency safety equipment can be operated using remote control
methods. As the definition indicates, the control room plays a key role not only in operating the NPP,
but also in taking measures in case of emergency situations. While there are many developments and
advancements in the design and operations of the control room, this research focuses on how the control
room in an NPP can be analyzed with various anthropometric data and ergonomic methods. Because
NPP control operators work in the control room, human factor regulations [6] are applied to the control
room more than any other facility in an NPP. According to the NRC [7], advanced NPP control rooms
have to be controlled digitally with a highly integrated glass cockpit-style control room model where
the digital control technology includes touch-screen controls, semiautonomous controls, and other
advanced operator interfaces and technologies. While a number of control systems are operated in an
NPP control room, regulatory instructions that demand careful design of interfaces between control
devices and operators to prevent control mistakes or unintended delivery of NPP information have
received enormous focus. In particular, operators’ anthropometric data-based ergonomic analyses have
been conducted in order to achieve safe and efficient controls in an NPP. However, existing analyses
are based on operational studies in a real control room, and these experiments then fail to conclude
analyses and results covering various ranges of anthropometric data. Moreover, experiments in a real
NPP environment might cause several measurement errors. In order to overcome this issue, Cha and
Choi [8] developed a two-dimensional (2D) review system considering several types of anthropometric
data. However, the research is limited in the fact that only several fixed places are analyzed and that
the analyses are 2D-based.

In order to overcome these issues, this paper proposes a virtual reality (VR) model-based ergonomic
analysis framework for a control room in an NPP. The constructed VR-based control room model is
used for a modeling and simulation test bed with various types of anthropometric data. The desirable
specifications for a better control room can then be derived quantitatively. The proposed framework is
considered to be a sustainable and quantitative modeling and ergonomic analyzing framework for a
control room in an NPP.

The following section introduces the relevant background and the literature reviews. Then,
the existing guidelines and current issues for a control room in an NPP are explained in Section 3.
The developed virtual model-based ergonomic analyzing framework is provided in Section 4, and
Section 5 explains the design recommendations using the proposed framework.

2. Background and Literature Reviews

2.1. Main Control Room in a Nuclear Power Plant

While there are several control rooms in a general NPP, the most important control room is the
main control room (MCR), as shown in Figure 1. Figure 1 shows a digital image of an MCR in Shin
Kori NPP (SKN) 3 and 4, which are currently being operated in South Korea.

This paper considers the modeling and ergonomic analyses of several MCRs. Most of the design
guides for MCRs follow the NRC-specified [7] design practices for communications and workstations
in highly integrated control rooms.

As explained in the previous section, most or all of the MCR interface has been digitalized in
advanced NPPs. In such systems, safety and reliability of the digital devices including a console are
emphasized more than in any other systems. The interface of a NPP’s main digital control room consists
of various operators’ workstation consoles, including a large display panel (LDP) and a safety console.
Several regulatory guides [6,7] suggest that the workstation design in an MCR is a key working factor
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for operators. Thus, it is important to identify correlations between operators’ physical characteristics
and devices’ mechanical characteristics in the broad context of human–machine interaction.Sustainability 2019, 11, x FOR PEER REVIEW 3 of 17 
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evaluation process [11].  

This study aims to analyze the sensitivity of many independent variables according to recent 
anthropometric data for console design in order to optimize the operating environment from the 
cognitive ergonomic perspective. Ergonomic test results have often lacked in persuasiveness for 
safety accreditation because of the differences between design guidelines and review guidelines. 
Therefore, modeling and simulation-based quantitative evaluation may be better way to resolve the 
ergonomic issues on console design rather than guideline-based evaluation. Ultimately, this study 

Figure 1. Example of a totally digitalized main control room (MCR) in a nuclear power plant (NPP):
(a) Shin Kori NPP (SKN) 3; (b) the MCR in SKN 3.

Several research studies [9,10] have shown that cognitive loads are gradually increased due to
the greater amounts of information in a hybrid NPP with digital environments than in fully analog
environments, although physical workloads are decreased. Because the possibility of causing human
errors is high due to the massive amount of operational information, even in the case of highly skilled
operators, it is critical to convey the relevant information clearly on indicators and control devices of the
main control room of an existing NPP where the control of operations, such as operation, suspension,
emergency, and abnormal operations, is carried out. The control room surveillance uses large display
panels (LDPs) and workstations are conducted through operator consoles, and it is thus critical to
design the console shape and layout through which information within the visual perception range
can be identified and manipulated easily with actual devices.

However, in reality, the design of ergonomic interfaces considering numerous console shapes and
layouts is not efficiently carried out due to the lack of a comprehensive system analysis and evaluation
process [11].

This study aims to analyze the sensitivity of many independent variables according to recent
anthropometric data for console design in order to optimize the operating environment from the
cognitive ergonomic perspective. Ergonomic test results have often lacked in persuasiveness for
safety accreditation because of the differences between design guidelines and review guidelines.
Therefore, modeling and simulation-based quantitative evaluation may be better way to resolve the
ergonomic issues on console design rather than guideline-based evaluation. Ultimately, this study
aims to introduce an intelligent console design review system based on the modeling and simulation
of an MCR currently under development. In particular, the proposed system’s effective viewing
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analyses help the layout of operators’ directing and controlling facilities within the range of operators’
information-processing capabilities.

2.2. Virtual Model-Based Applications in a Nuclear Power Plant

As mentioned in the previous section, this research proposed a new and efficient ergonomic
analyzing framework for supporting the modeling and simulation of an MCR using a variety of
anthropometric data. While there are various modeling and simulation tools and systems, this research
uses a 3D virtual model-based system framework. As the main input to the developed framework is the
anthropometric data of MCR operators, the information includes spatial data and its analyses require
the relevant spatial analyses. For this reason, a 3D virtual model is developed and the intelligent
ergonomic analyzing methods are embedded in the framework.

As the design stage of an NPP has more importance than the modeling of other construction
projects, virtual models of NPPs have been developed widely and utilized for a number of purposes.
Boring et al. [12] emphasized the early-stage design for effective MCR modeling. Table 1 shows several
applications using virtual models in NPPs.

Table 1. NPP applications using virtual models.

Virtual Model Application Area Research Studies and Systems

Operation guides for NPP controls
Virtual operator training [13]; Path planning and maintenance
guiding simulation [14]; Refueling plant training [15]; Virtual
roaming simulation and organ dose evaluation [16]

Emergency handling in an NPP Seismic analysis of an NPP [17,18]; Emergency path planning [19];
Security simulation [20]; Egress simulation [21]

Reference models for NPP construction Conical roof lifting for an NPP [22]; Reactor modeling [23]

As shown in Table 1, most of the virtual applications in an NPP are classified into three fields:
operation guides, reference models for constructions, and emergency handling. However, the ergonomic
research studies using virtual applications have been immature in the nuclear power field. While
there are many 3D virtual modeling and analyzing tools supporting ergonomic evaluations, such as
Siemens©’s Jack and ViveLab Ergo©, their NPP applications are limited by several domain restrictions
and functional issues.

In order to overcome the issue, this research proposes a virtual model-based ergonomic modeling
and analyzing framework for MCR. The following section provides information regarding existing
human factor guidelines and ergonomic issues for the MCR.

3. Human Factor Guidelines and Ergonomic Issues for the MCR

3.1. Human Factor Guidelines for the MCR and its Console Design

In order to investigate the current MCR issue, a field survey was performed on the design
suitability of the currently operating MCRs with LDP and console workstations. In total, 26 operation
crews in SKN 3 and 4 participated in the focused group interview on console usability. Some crews have
made several complaints regarding inconvenient size and layout of the sitting console and requested
design change. The inappropriate design of console was said to have caused vigilance decrement and
often missed information. Before proposing the framework for resolving these issues, this section
investigates the relevant human factor guidelines.

Vision is a key sensory organ to the extent that about 90% of the information taken from the
surroundings by humans is acquired by vision. Humans recognize or perceive information taken
through the eyes via information processing. Visual information processed by human vision system
can be understood with three characteristics: The first is sensation. When an image is formed on
the retina after light passes through each part of the eye, the sensory receptor and nerve system
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accept physical energy, namely light, converting it into neural information. The second is perception.
The efficient visual processing area of humans is more than 180◦ horizontally and 130◦ vertically,
and optical illusions occur in which a subject’s shape or form changes according to the visual angle.
The third is cognition. After visual information arrives at the brain, the visual information, such as
shape, color, or motion, is recognized through different channels. Further, knowledge is stored in the
form of representing or symbolizing external objects or relationships between objects [24].

Humans have a certain range of field of vision, which is defined with a visual angle identifying
the outline of a subject. The cognitive level differs depending on the distance from a subject and
its size. The information of a human’s useful field of view (UFOV) is generally used according to
the ergonomics guidelines shown in Table 2 regarding the deciphering letters, seeing symbols, and
distinguishing colors.

Table 2. General ergonomic guidelines on visual fields.

Classification Horizontal Visual Field Vertical Visual Field

General range

The visual field range through which a subject
can be viewed is 1◦ (to the left and right) when
a central vertical axis is set up between the left

and right eyes.

In the vertical direction, the visual field tilts
downwards more; The direction of the visual

field is usually placed at 10◦ downwards.

Range in
deciphering letters

Same visual field
axis

5–10◦ (left and right
from the central axis)

Centered on visual
height horizon

Desirable upward visual
field limit is 15◦

Range by which a
symbol can be seen

5–30◦ (left and right
from the central axis)

Upper limit: 20◦

Lower limit: 30◦

Range by which colors
can be distinguished

30–60◦ (left and right
from the central axis)

Upper limit: 30◦

Lower limit: 40◦

The console design of the digitalized MCR in an NPP employs general ergonomic guidelines
with recent anthropometric data, but uses a very conservative design criteria due to safety concerns.
Figures 2 and 3 show the design configuration for a standing console and sit-down console with the
5th percentile of females and 95th percentile of males.
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Figure 3. Reach capability for a sit-down console [25,26].

There are three types of guidelines used for a digitalized NPP with regard to console viewing
angle, as shown in Figure 4. Figure 4 shows the variables and fixed values to be inputted and also the
resulting values when the system is implemented. By fixing the Visual Display Unit’s size and the
distance, L, between the operator and VDU, according to the design plan of an NPP as they are inputted
as variables, each operator’s eye height, popliteal height, and shoe thickness are treated as input values.
For each independent variable’s sensitivity analysis, data from the 7th Korean Anthropometric Data
Survey Report [27] were used.
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When the program is executed, vertical viewing angles are computed according to anthropometric
data. If the vertical viewing angle is set as a fixed value by referring to the guidelines, whether a VDU
is within the operator’s viewing angle or not is displayed as Yes/No. Therefore, it helps to generate an
optimum design plan upon designing an NPP and also evaluate whether the design is made well and
can be carried out.

When the main information display units are placed in a sit-down console in the NPP guidelines
related with the VDU information layout range, where NUREC-0700 Rev.2 becomes the basis,
the horizontal layout range is 35◦ (to the left and right), centered on the line of sight (LOS). The vertical
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layout range is indicated as within 20◦ upwards and 40◦ downwards, centered on the LOS. Based on
this, if calculation is conducted using an example of the 5th percentile of males through a trigonometrical
function and vertical viewing angle formula, the following result values are generated: sit-down
console’s height, H, is 1093.5 mm; distance from VDU is 535.2 mm; and distance from floor to eye,
h (5th percentile of males’ eye height, sitting + popliteal height + shoe thickness), is 1353 mm. Also,
the maximum height and minimum height of the effective viewing angle can be calculated.

Then, actual ergonomic design guidelines [25,26] for MCR usability are generated. Table 3 summarizes
ergonomic design guideline for MCR usability.

Table 3. Useful ergonomic design guidelines for MCR console design configuration and usability.

Classification Useful Guidelines for Design Configuration

Horizontal space standard of the control
and display devices

All the control and information display units used for the main
jobs of a sit-down console should be placed within the maximum

values of viewing range and extended reach of a user in the
sitting-down position [26].

Standard of console visual display unit
(VDU)’s vertical useful field of view

(UFOV)

In stand-up and sit-down consoles, all information display units,
including an alarm indicator, need to be offered within the 5th

percentile of a female’s field of view measurement (75◦ from
horizontal field of view) [26].

The angle that the field of view and a visual display unit (VDU)
forms needs to be maintained higher than 45◦ [26].

Actual layout range standard of VDU
information

When main information display units were placed in a sit-down
console, horizontal layout range was within 35◦ (to the left and
right) centered on the line of sight (LOS) by using actual console

shape data, with a vertical layout range designed to make the
LOS 40◦ downwards [25–27].

The bench board slope, in conjunction with its depth, should be
such that all controls are within the functional reach radius of the

5th percentile of females [25–27].
Controls should be set back a minimum of 3 inches from the

front edge to protect against accidental contact [26].

While these ergonomic guidelines have to be obeyed in MCR operations, MCR operators’
anthropometric data have to also be considered. As the design stage of a NPP and the real construction
have a comparative time gap, the anthropometric data at the design and construction stages of a
NPP are unsuitable for the safe and efficient NPP operations. It indicates that the recently updated
anthropometric data are used for ergonomic evaluations of MCR operations.

3.2. Anthropometric Data for Console Design and Ergonomic Issues in an MCR

As explained in the previous section, recent anthropometric data have to be considered for MCR
operations. While there are similar MCR design tools, such as those detailed by Boring et al. [27],
the proposed framework considers various anthropometric data. The Korean Agency for Technology
and Standards’ 7th Korean Anthropometric Data Survey Report, which measured and investigated
Koreans’ anthropometric data and human shapes in 2010 [28,29], were collected by console design
factor item in this study for 10 months from March to December 2015. The anthropometric data of NPP
operators aged 25–50 required for sit-down console evaluation were sorted and arranged by referring
to the NUREG guidelines, as shown in Tables 2 and 3.

The changes of anthropometric data indicate that the acceptable levels in MCRs at the design
stage might be unacceptable and might cause several operational mistakes. This research considers the
recent anthropometric data and evaluates an MCR with recently updated ergonomic criteria.

For the requirement analysis of designing a suitable operator console, there are several ergonomic
issues to be resolved. First, proper anthropometric data should be applied. Since it may take several
years for the redesign of the NPP MCR console due to human engineering deficiency, it is often
difficult to apply the recent anthropometric data. Accordingly, it is also a difficult job to employ the
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recently redesigned drawings on time. Second, the suitability test of the console design based on
human factor guidelines might not guarantee the accurate and reliable result, since it shows only
part of the ergonomic test according to different evaluation methods. Third, the test result often
lacks the persuasion for safety accreditation since the design guideline and review guideline are
somehow different.

Therefore, modeling and simulation-based evaluation may be a better way to resolve the ergonomic
issues on console design than guideline-based evaluation. The evaluation items with Korean male
anthropometric data for sit-down console suitability in a digitalized MCR in an NPP are shown at
Table 4.

Table 4. Sit-down console design evaluation items in the National Anthropometric Survey of Korean
males, developed by the Korea Research Institute of Standards and Science in 2010 [Unit: cm].

No. Console Design Evaluation Item 5% 50% 95%

1 Stature 161.4 170.5 179.9
2 Eye height 149.8 159.0 168.1
3 Acromial height 129.7 138.2 146.6
4 Biacromial height 36.3 39.9 43.2
5 Finger height 58.0 63.8 68.8
6 Wall–finger distance 75.9 82.6 88.7
7 Sitting height 87.3 92.4 97.4
8 Eye height, sitting 76.0 80.7 85.8
9 Shoulder height, sitting 55.5 59.8 64.2

10 Elbow height, sitting 22.4 26.2 30.0
11 Forearm–fingertip length, sitting 41.6 44.8 48.0
12 Height of upper thigh when seated 46.3 55.0 61.0
13 Popliteal height 36.5 39.7 43.3
14 Buttock–knee length 53.0 56.7 61.2
15 Buttock–popliteal length 42.3 46.5 51.0
16 Hip breadth, sitting 31.6 34.8 38.3
17 Thigh clearance 12.8 15.3 17.7
18 Knee height 39.8 43.8 47.7

4. Intelligent MCR Design Review Framework using the Virtual Model

To carry out MCR design review and evaluation feedback efficiently, an intelligent design
review system (IDRS), which is a virtual modeling and simulation facility with several intelligence
functionalities, is developed in a demonstrative manner. The proposed IDRS complies with the testbed
structure [8] of an intelligent system.

4.1. IDRS Building Blocks

A number of intelligent NPP interfaces have been developed. Lagari et al. [30] and Nasiakou et al. [31]
provided fuzzy logic-based control interfaces. The intelligent design review system consists of several
functions with some intelligence which has a cognitively oriented inference mechanism in addition
to the traditional rule-based system elements shown in Figure 5. When a user (console designer
or evaluator including NPP and cognitive experts) asks a question or inputs the design details
(anthropometric data, console dimensions, workstation configuration, and so on) concerned through
the given interface, an inference mechanism is triggered using the details in the database and rules for
decision-making and the result is conveyed to the user through the cognitive interface. This study
aims to improve the system design capability by employing an intelligence by which data can be more
easily collected by adding a knowledge acquisition facility, a self-training facility providing optimal
design criteria, and an explanation facility with a virtual environment to the architecture. In addition,
the future research regarding ‘intelligent systems’ would be performed in a way to improve the
intelligent functions’ operability by applying intelligent algorithms such as deep learning processes.
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4.2. Virtual Model-Based Implementation of 2D–3D Design

The intelligent design review system has the powerful function of transforming the existing 2D
drawing of an MCR to a 3D virtual model, as shown in Figure 6.
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As the target MCR has a number of 2D drawings, the 3D virtual models are constructed using
them. Table 5 shows the conversion process from 2D MCR drawings to the IDRS virtual model.
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Table 5. The conversion processes for the IDRS virtual model.

Stage Model Format Used Software System O.S.*** Other Notes

2D drawing error check PDF PDF viewer - PDF documents are given
due to the security issue

3D CAD* conversion dwg/dxf/max AutoDesk©
/Rhino© - -

Conversion to
interoperable format wrl 3D Builder -

Virtual reality modeling
language (VRML) [32]

format conversion

Integrated GUI docking m/Java
Octav

/Matlab
/Java

Windows 10
Java-based GUI** and

Matlab-based calculation
modules

3D simulation model wrl/m/Java Java Windows 10 Integrated IDRS framework

* CAD: Computer Aided Design, ** GUI: Graphic User Interface, *** O.S.: Operation System.

Moreover, each component in the MCR is represented parametrically for additional scaling,
rotations, translation, and other transformations. Figure 7 shows the conversion process of a chair
(the yellow mark in Figure 7) in an MCR with the parameter-based interoperable format, virtual reality
modeling language (VRML). The chair is parameterized into each component shown the red box in
Figure 7 and each components are represented using VRML language.
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These functionalities are used for the simulation and evaluation of an MCR using the recent
anthropometric data. For instance, a contemporary MCR uses 22′’ monitors, instead of the previously-used
19′’ monitors (Figure 8).
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The implemented virtual model makes these transformations with the embedded parametric methods.
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4.3. Virtual Model-Based Simulation and Evaluation for MCR Design Suitability

The Java-programmed testbed graphic user interface (GUI) for virtual modeling and simulation
of designing and evaluating the MCR console is shown in Figure 9. Parameter inputs are crew position
(Reactor Officer (RO), Turbine Officer (TO), Electric Officer (EO), Shift Supervisor (SS), Shift Technical Advisor
(STA)), anthropometric data, view position (LDP, workstation), monitor size, safety console reachability,
crew reachability, and so on.
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The main ergonomic simulation and evaluations functionalities are summarized in Table 6.

Table 6. The embedding ergonomic simulation and evaluation functions.

Main Categories Detailed Functions

Anthropometric data interface

Anthropometric database implementation (5th/6th/7th Korean
Anthropometric Data Survey Reports); comparisons between both
anthropometric data types; automatic calculation of ergonomic
parameters (considering shoes and other factors)

Simulation

FOV simulation per each position (RO/TO/EO/SO/SS/STA); estimation
of optimal view and maximum views; control range (reachability)
calculation for Type I consoles (RO, TO, EO); control range
(reachability) calculation for Type II consoles (SS, STA)

User interface (UI) changes and
Transformation

UI integrations/separations; parametric transformation for each
component in the MCR

As shown in Figure 9, the implemented framework loads several types of anthropometric data
from the previous versions into the current version. The loaded data are used for the basic input data
for the following ergonomic simulations and analyses. The following simulations mainly include ‘FOV
simulations’ and ‘reachability analyses’. Simulation views for the operator’s field of view based on the
computation model of the sit-down console are shown in Figures 10 and 11.

The presented methodology is validated with the embedded geometric calculations. With the
guideline mentioned in Section 4, the geometric models and calculations considering viewpoints
and reachability are embedded in the implemented system. Currently, several Korean NPPs use the
implemented system as a reference system for their MCR operations.
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Figure 11. Simulation result view 2: anthropometric data view: (a) The implemented GUI based
program; (b) the invoked 3D MCR module.

The implemented virtual model and the embedded simulation functionalities help to draw the
more desirable MCR design specifications and recommendations. The implemented framework is
used currently as a reference system for evaluating operators’ viewpoints and reachability in several
Korean nuclear power plants. In particular, in the case of the employment of women as operators,
the implemented system helps the prior analyses with their anthropometric data and recommends the
changes of table and desk specifications (e.g., furniture heights and heights from the ground) according
to their desired views and reachability. The developed system has the ability to load anthropometric
data from an anthropometric database. This functionality can make it possible to use the system
in several countries operating NPPs. The following section provides the design improvements and
recommendations driven from the developed framework.

5. Design Improvement Results and Recommendations

In fact, it proved very difficult to find human engineering deficiencies in the console design,
since too many factors were involved in meeting the design criteria based on human factor guidelines
for the workstation design of the digitalized main control room in advanced nuclear power plants.
An automated and virtual design review system such as the proposed IDRS can provide design
efficiency and evaluation effectiveness. The modeling and simulation results from the IDRS showed
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some improvements regarding design and evaluation for the safety console and operator workstation.
As shown in Figure 8, the IDRS made it very feasible to check the operators’ console reachability
considering proper anthropometric data. As explained in the previous section, it would provide the
design solution for the size change of operators’ monitor from the current 19” to the proposed 22”,
which provided a better visual angle and more comfort in the working environment (Figure 12).
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Figure 12. Design improvement result for console reachability check in the IDRS. The VR-based system
proposed the monitor size change for better visual angle and comfort in the working environment
(The y axis indicates heights and the x axis is the depth from the sitting point; unit: mm).

Another use of the VR-based system is to systematically find human engineering deficiencies of
current standing safety consoles (see Figure 13). The simulation result found critical problems for
functional reach suitability for the 5th percentile of females, while currently-used hands-on suitability
check processes could not find out such problems nor provide accurate evidence to prove the inadequacy
of the current design of the safety console. Based on this finding, the critical design change was
made and system safety performance was improved with the systematic proven evidence. VR-based
modeling and simulation with the IDRS can be used with confidence to overcome human engineering
deficiencies for designing consoles.Sustainability 2019, 11, x FOR PEER REVIEW 15 of 17 

 
Figure 13. VR-based system simulation result showing human engineering deficiency for functional 
reach and suggested design change of the safety console. 5% female’s actual reach is deficient from 
50% female (blue dashed) 

6. Conclusions and Discussion 

Safety has been the most important concern in a nuclear power plant (NPP). In a digital hybrid 
NPP, where the possibility of human errors has become higher due to increased cognitive load from 
more information, acquiring and/or missing the corrective information depends on the suitability of 
the MCR which consists of console-based workstations. While the existing research passively 
measures the regulations or the guidelines, this research proposed a new and efficient virtual model-
based ergonomic simulation and evaluation framework considering the recent anthropometric data. 
Using the viewing angle-based evaluation support system applicable to the MCR design layout in an 
NPP through the results of this modeling and simulation study, we demonstrated the feasibility of 
designing and evaluating the console-based workstation and MCR environments efficiently in such 
a way to resolve the ergonomic issues on the usage of paper-based ergonomic guidelines. 

The VR-based system showed contributions to uncover human engineering deficiencies from 
the current design of MCR consoles in a systematic manner and provide a feasible methodology for 
designing future consoles suitable for totally or partly digitalized MCRs in NPPs. Therefore, it is 
desirable to use VR-based modeling and simulation with the IDRS in order to assess human 
engineering deficiency for designing consoles. 

From this study, work efficiency improvement would be expected within a digitalized main 
control room working environment, and there would be effectiveness in terms of ergonomics in the 
optimum design of a console depending on individual anthropometric data to be resolved. An 
intelligent design review system (IDRS), which is a virtual modeling and simulation facility, was 
developed in a demonstrative manner. However, system intelligence with self-training facility 
should be developed in a way to show more feasibility and adaptability to conventional console 
design. 

This study could be applied for other human–machine systems, such as avionic, railroad, and 
automobile systems, which also have safety concerns and need systematic approaches to the design 
and evaluation of the working environment with various consoles. A VR-based system with the 
updated intelligent designing functions of the IDRS would surely provide more efficient and effective 
tools to design and evaluate the rapidly digitalized system. 

Author Contributions: W.C.C. designed the research; W.C.C. performed research and analyzed the data; H.L. 
implemented the intelligent design review system; H.L. and W.C.C. wrote the paper; both authors read and 
approved the final manuscript. 

Funding: This work was funded by grants 2015-104-125 from the Kumoh National Institute of Technology. 

Figure 13. VR-based system simulation result showing human engineering deficiency for functional
reach and suggested design change of the safety console. 5% female’s actual reach is deficient from 50%
female (blue dashed).

6. Conclusions and Discussion

Safety has been the most important concern in a nuclear power plant (NPP). In a digital hybrid
NPP, where the possibility of human errors has become higher due to increased cognitive load from
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more information, acquiring and/or missing the corrective information depends on the suitability of
the MCR which consists of console-based workstations. While the existing research passively measures
the regulations or the guidelines, this research proposed a new and efficient virtual model-based
ergonomic simulation and evaluation framework considering the recent anthropometric data. Using
the viewing angle-based evaluation support system applicable to the MCR design layout in an NPP
through the results of this modeling and simulation study, we demonstrated the feasibility of designing
and evaluating the console-based workstation and MCR environments efficiently in such a way to
resolve the ergonomic issues on the usage of paper-based ergonomic guidelines.

The VR-based system showed contributions to uncover human engineering deficiencies from
the current design of MCR consoles in a systematic manner and provide a feasible methodology for
designing future consoles suitable for totally or partly digitalized MCRs in NPPs. Therefore, it is
desirable to use VR-based modeling and simulation with the IDRS in order to assess human engineering
deficiency for designing consoles.

From this study, work efficiency improvement would be expected within a digitalized main control
room working environment, and there would be effectiveness in terms of ergonomics in the optimum
design of a console depending on individual anthropometric data to be resolved. An intelligent
design review system (IDRS), which is a virtual modeling and simulation facility, was developed in a
demonstrative manner. However, system intelligence with self-training facility should be developed
in a way to show more feasibility and adaptability to conventional console design.

This study could be applied for other human–machine systems, such as avionic, railroad, and
automobile systems, which also have safety concerns and need systematic approaches to the design
and evaluation of the working environment with various consoles. A VR-based system with the
updated intelligent designing functions of the IDRS would surely provide more efficient and effective
tools to design and evaluate the rapidly digitalized system.
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