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1. INTRODUCTION

In the world today, hundreds of nuclear power plants
(NPPs) are in operation, several of which are facing
imminent expiration of their period of use. An NPP must
be decommissioned after its expiration period. Common
decommissioning methods of general industrial plants
use explosives and disintegrators. However, the
decommissioning of an NPP is vastly different because
of its residual radioactivity. In every part of an NPP,
components must be dismantled one by one according to
a planned dismantling procedure. In some cases, large
components that are dismantled from their original locations
must be cut into small pieces after they are moved to
workspaces. Then the small pieces are transported to

some other location for temporary placement before their
radioactivity level is checked. In an NPP, passages used
for component transportation are invariably narrow, and
space for dismantling work and temporary placement is
limited. Consequently, large dismantled components might
collide with other components in such environments
during temporary placement and conveyance operations.
It is important to verify whether the space in a narrow
passage is sufficient for transporting large components,
whether the workspace is sufficient for field work, and
whether the space designated for temporary placement is
sufficient. Nevertheless, the large volume and various
shapes of components in NPPs complicate such tasks.

In this study, to enable field workers to verify such
matters easily, even if they are less experienced with field

When decommissioning a nuclear power plant, it is difficult to make an appropriate plan to ensure sufficient space for
temporary placement and conveyance operations of dismantling targets. This paper describes a system to support temporary
placement and conveyance operations using augmented reality (AR). The system employs a laser range scanner to measure the
three-dimensional (3D) information of the environment and a dismantling target to produce 3D surface polygon models. Then,
the operator simulates temporary placement and conveyance operations using the system by manipulating the obtained 3D
model of the dismantling target in the work field. Referring to the obtained 3D model of the environment, a possible collision
between the dismantling target and the environment is detectable. Using AR, the collision position is presented intuitively.
After field workers evaluated this system, the authors concluded that the system is feasible and acceptable to verify whether
spaces for passage and temporary storage are sufficient for temporary placement and conveyance operations. For practical use
in the future, some new functions must be added to improve the system. For example, it must be possible for multiple workers
to use the system simultaneously by sharing the view of dismantling work.
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work, a temporary placement and conveyance operation
simulation system (TPCOSS) was developed. Then, its
feasibility and acceptability were evaluated. The system
measures dismantling targets and the environment using
a laser range scanner to build three-dimensional (3D) surface
polygon models of actual size. Whereas the obtained models
are used to verify the space between dismantling targets
and environment, augmented reality (AR) technology,
which expands the surrounding real world of users by
superimposing computer-generated information related to
the users’ view [1, 2], was used in the temporary placement
and conveyance operations simulation in the actual work
field to make the information readily comprehensible. If
some collision occurs, then the collision position is shown
in the workers’ view. The developed system was evaluated
by field workers at the Fugen Decommissioning Engineering
Center (Fugen), which was formerly an NPP, and which is
now beyond its own expiration period. The workers operated
the system according to a scenario. Then, questionnaires
and interviews were administered to evaluate the feasibility
and acceptability of the system. Some problems in practical
use and improvement advice were also reported by workers.

2. RELATED WORK

Fugen is developing a Decommissioning Engineering
Support System (DEXUS)[3] to support the planning of
dismantling procedures using virtual reality (VR) based
on a 3D computer-aided design (CAD) database. This
system can detect collision of equipment in a complete
virtual environment. However, in the virtual world, it is
difficult for users to find the corresponding collision
position in the real world. In fact, AR is a technology that
can present the 3D position and orientation intuitively in
a real environment. It can show the collision position in
the work field so that workers can easily refer to the
collision position in actual operation. In recent years, AR
has been widely attempted to support field work at NPPs.
In [4], AR was applied to realize dose-rate visualization.
According to the visualization, workers can avoid
dangerous areas in NPPs. In [5], AR was applied in an
NPP dismantling support system. The system shows a
dismantling target and whether it should be cut or not.
Moreover, users can record their progress by comparing
differences between the virtual model and the real
environment using the system.

A 3D model of a dismantling target and the work
environment is necessary to simulate temporary placement
and conveyance operations. Such 3D virtual models are
widely used for spatial verification. In [6] [7], a discrepancy
check is realized by comparing the 3D model of a target
obtained from planned documentation and the real target
to find their difference. In [6], the 3D model of a factory
is compared with an image. Then, the discrepancy check
is performed offline. In [7], the 3D model of a building is

superimposed on the real building to find their difference
in the actual field. However, the comparison is based on
human subjectivity. Moreover, the 3D models of the studies
described above are obtained from existing CAD
representations. Because of the frequent reconditioning
of the environment in NPPs, CAD updates are costly and
difficult because of the complexity of the NPP environment.
Existing CAD applications cannot always represent the
current details of the work field.

In this study, a new AR system has been realized to
support NPP decommissioning. The 3D model of the
environment and the dismantling target is obtainable by
scanning the work field using a laser range finder. By
superimposing the virtual dismantling target on an actual
object, the temporary placement and conveyance operation
on the big dismantling target can be simulated by operating
the real object. Using the 3D models, the collision between
dismantling targets and the environment can be verified
and indicated intuitively in real time. No similar support
system exists for the decommissioning of NPPs which
scans a 3D model in the work field and which operates a
virtual dismantling target through manipulation of a real
object.

3. DESIGN AND DEVELOPMENT OF TPCOSS

The overall system concept is depicted in Fig. 1. First,
the system employs a laser range finder to scan point clouds
of the work environment at multiple positions. Then, the
obtained point clouds are combined into one cloud through
the interface presented in Fig. 1. Based on the combined
cloud, polygon models of the dismantling target and the
environment are generated, and a texture is pasted on the
polygon model of the dismantling target. Finally, a polygon
model of the environment and a textured model of the
dismantling target are used in the simulation of the
temporary placement and conveyance operation to detect
collision between the dismantling target and the environment.
Details of the system are described below.

3.1 System Requirements
This system was developed to support temporary

placement and conveyance operations in a work field. It
makes it possible to verify whether the space of the work
environment is sufficient for the operation. When the
operator moves a virtual dismantling target, the location
of a collision between the dismantling target and the
environment is indicated intuitively if collision occurs.
To detect the collision between the dismantling target
and the environment, their 3D models are indispensable.
For practical use of this system in an actual work field in
an NPP, the following requirements were stated by some
experts conducting dismantling work in an NPP.
I. The 3D model of the dismantling target must be

available for reference in the work field.
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To understand the situation of conveyance and
temporary placement operation intuitively during the
simulation in the work field, the virtual dismantling
target must be visible in the work field. Therefore,
it is necessary to superimpose the virtual dismantling
target on the image captured in the work field.

II. The 3D model of the dismantling target must be
freely movable when performing verification.
To simulate the conveyance and temporary
placement operation, the visual 3D model of the
dismantling target must be able to be transported
and rotated instead of the real dismantling target in
the work field. Therefore, it must be as freely
movable as the actual dismantling target.

III. Collision between the dismantling target and the
environment must be indicated clearly.
If the dismantling target collides with the environment
during the simulation, then field workers must
understand the collision position to avoid a similar
collision during actual operation. Therefore, the
collision position must be indicated clearly for
intuitive understanding.

IV. Some operation states must be recordable and be
available for reference later.
In some cases, for example, when a passage is very
narrow, collisions often occur at some special
position in the environment. The operation must be
repeated several times in the work field to avoid
collision. Therefore, the corresponding operation
state must often be referred. Furthermore, it is
expected to show operation states outside the work
field so that other workers can understand it easily.
Therefore, recording and reference functions are
necessary.

V. The 3D models of the dismantling target and the
environment must be obtainable in the work field.
The environment often changes with the reconditioning
of the work field. Therefore, existing 3D CAD of
an NPP cannot always represent the current state of
the work field. To simulate the work field operations,
a 3D model that represents the current state exactly
is indispensable. Therefore, a modeling function
that can build models of the dismantling target and
the environment in the work field is necessary.

Fig. 1. Depiction of the System.



VI. The system must be easily installable and mobile.
In many cases, the work field space is narrow, and
workers must move a long distance when transporting
a dismantled component. Therefore, the system
must be as compact as possible. Moreover, it must
be moved easily in the work field.

VII. The system operation must be easily mastered.
If the system operation is overly complicated, then
it would be difficult for field workers to accept the
system. Furthermore, the complicated operations
might affect the simulation accuracy. Consequently,
the operation interface of the system must be
understood easily for its acceptance by field workers.

To satisfy requirements I and III, AR is used to
superimpose the 3D model of the dismantling target and
to indicate the collision position on the worker’s view.
To meet requirement II, the visual 3D model of the
dismantling target should be moved in the actual work
field similarly to the real dismantling target, but it is
difficult to represent the 3D position and orientation of a
moving model in an actual work field. To resolve this
problem, in this study, the 3D model of the dismantling
target is superimposed on a real object that can be
recognized using a camera. It can be manipulated through
handling of the real object. Therefore, the 3D position
and orientation of the model are represented by the real
object. By manipulating the object, the conveyance and
temporary placement operation are simulated easily and
intuitively.

The system comprises two subsystems. One is a
modeling subsystem for obtaining the 3D models of the
dismantling targets and the environment. The other is a
verification subsystem for simulating the conveyance and
temporary placement operation in the work field.

3.2 Modeling Subsystem
Although existing CADs of NPPs are available as 3D

models, they invariably ignore some small details such as
thin pipes or cables. Moreover, CAD are not updated with
the reconditioning of NPPs. Consequently, existing CAD
representations and systems cannot represent the current
state of real work environment exactly. They cannot be
used in this system. Therefore, a 3D model of the current
state should be built in the real work field. An efficient and
automatic method is necessary to ensure a low workload.

Fig. 2 shows that a laser range scanner is applied to
obtain the 3D surface point clouds of dismantling targets
and the environment used in the modeling subsystem.
Then, 3D surface polygon models are generated based on
the point clouds. However, the polygon models cannot be
displayed directly because operators have difficulty
understanding a polygon model. Therefore, some texture
is necessary to make the model more intuitive. A color
camera was employed for capturing the surface image for
the texture. It was mounted on the laser scanner, and its
relative position and orientation to the laser range

scanner were measured in advance. When a point cloud
is measured using the laser scanner, the camera captures
the corresponding image simultaneously, along with its
position and orientation. Then, every polygon of the
generated model can be projected onto the corresponding
image, and the color of the polygon is obtained from its
corresponding image. By painting the color on the
polygon, the texture is obtained.

Regarding hardware specifications, the laser range
scanner in this system is a kind of line scanner that
measures 3D positions of points that are located in a 2D
plane of the environment. Therefore, it was mounted on a
motion base fixed on a tripod. By rotating the motion base,
it can measure the 3D positions of point clouds of the whole
surrounding environment. The hardware of the modeling
subsystem is depicted in Fig. 3. It comprises a laser range
scanner, a color camera, and a motion base. Their
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Fig. 3. Appearance of the Modeling Subsystem Hardware.

Fig. 2. 3D Measurement of the Modeling Subsystem.



specifications are shown in Table 1. The maximum error
of the measured points depends on the distance between
the laser range scanner and the measured points. In this
study, most points are measured in a distance that is
smaller than 5 m. In this case, the maximum error is about
40 mm. Compared to the actual size of the dismantling
target (about 1 m 1 m 3 m in this study), it is extremely
small, so it only slightly affects the simulation of temporary
placement and conveyance operation in the work field.

One measurement by the laser range scanner obtains
a point cloud located on only one side of the dismantling
targets and the environment. To obtain the complete model,
it is indispensable to measure the point clouds at multiple
positions. Each point cloud is recorded based on a local
coordinate system for which the origin is the intersection
of the rotation axis of the motion base when the point
cloud is measured. To combine all point clouds into one
cloud and build a 3D model that is useful in the verification,
the coordinates of the point clouds must be transformed
into a world coordinate system. Consequently, the iterative
closest point (ICP) algorithm [8] is applied to transform a
point cloud (source cloud) into a world system by matching
it with a target point cloud (target cloud) that is already
based on a world system. The ICP can match two point
clouds including a certain common part of the environment
and can thereby obtain the transformation matrix between
them. However, if the initial guess of the matrix is too far
from the real value, then the algorithm might produce an
incorrect result. To solve this problem, a camera tracking
technology [9] is applied. By capturing markers, it estimates
the position and orientation of a camera based on the world
coordinate system. The relative position and orientation of
the camera and the laser range scanner are known. Therefore,
the transformation matrix from the local system to the world
system is obtainable after the position and orientation of
the camera are estimated. Considering the tracking error,
the matrix is set as the initial guess in ICP instead of using

it to transform the source cloud directly. Another problem
is that if the common part of the environment between the
source cloud and target cloud is too small compared with
their respective remaining parts, then the iterative result
might still be wrong. Therefore, only a randomly chosen
local part of the source cloud is used in ICP instead of the
whole point cloud. A large part of a cloud is invariably
measured in another cloud by the laser range scanner. If
the local part of the source cloud is chosen from the area
which is also measured in the target cloud, then a high
probability exists that the best result is obtained using ICP.
Assuming that the target cloud is Cloud 1 and that the
source cloud is Cloud 2, then the actually applied algorithm
has the following steps:
Step1 Smooth Cloud 2 to remove random errors generated

from measurement.
Step2 Randomly choose a sphere with a 200 cm radius

inside Cloud 2 and select the points inside the
sphere.

Step3 Match the points selected in Step 2 with Cloud 1
to obtain the transformation matrix of Cloud 2
using the ICP algorithm. Then, transform all points
of Cloud 2 into a world coordinate system.

Step4 For every point of Cloud 2, find its nearest point
in Cloud 1 and obtain that minimum distance
between them. Count the number of points whose
minimum distance is less than 5 cm.

Step5 Repeat Steps 2 to 4 for 10 iterations. Then, choose
the transformation matrix with the largest number
of points obtained in Step 4.

Step6 Transform all points of Cloud 2 into the world
coordinate system using the matrix obtained in
Step 5.

Step7 Repeat Steps 2 to 6 until the number of points
obtained in 3) does not become any larger.

In some cases, if the tracking error is too large, or if
the camera cannot capture or recognize any marker, then
matching would fail. For this reason, it is necessary to set
the initial guess manually to run the ICP through a software
interface developed to combine the point cloud and to
produce surface models. The software interface is depicted
in Fig. 4. Using the interface, multiple point clouds can
be combined manually one by one. In the interface, the
target cloud and source cloud can be chosen in panel (1).
In addition, (2), (4), (5), (6), and (7) show buttons which
allow the operator to run the ICP manually. The two
buttons of (2) are used to control and view the position and
orientation of the source cloud. Here, the initial matrix
can be set manually by controlling the source cloud. ICP
is applied using button (5). Buttons (4), (6), and (7) are used,
respectively, for counting the matched points, saving the
transformed cloud, and saving the transformation matrix.
Panel (8) shows the 3D displaying panel of the point
clouds. Panel (3) is the button panel used to make surface
polygon models from a point cloud. After all measured
point clouds are combined into one cloud based on world
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Table 1. Hardware Specifications for the Modeling Subsystem

Laser range scanner

Motion base

Camera

Vendor 
Model

Scan angle 
Angular res.
Max. error

Vendor
Model

Angular res.

Vendor
Model

Resolution
Focal length

SICK Inc.
LMS100-1000

270 deg
0.25 deg
40 mm

FLIR Systems Inc.
PTU-D46-70

0.013 deg

Point Grey 
Research Inc.

CMLN-13S2C-CS
1280 960
4.15 mm
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coordinates, a certain part of the cloud that is necessary
for the simulation is chosen manually in the panel. Thus,
the parts which contain the points located on the dismantling
target and the work environment are selected. Then the
quadric clustering algorithm [10] is applied to convert
the points located in the chosen part into a surface polygon
model. The quality needed for a dismantling work depends
on the work field conditions. For example, a narrow
passage for conveying the dismantling target requires high
quality of the polygon model of the dismantling target. In
the quadric clustering algorithm, the polygon model quality
can be adjusted by changing the resolution of the polygon
model. In cases which require high accuracy, the resolution
can be increased to obtained higher quality of the polygon
model. (But the frame rate of refreshed image will become
lower.) To define the initial position and orientation of the

dismantling target and superimpose it onto the real object,
the center of the 3D polygon model of the dismantling
target is set to the center of the real object, and the coordinate
axes are also mounted on the object. Finally, a texture is
generated from the color information of polygon. It is
used to cover the polygon model to enable more intuitive
understanding of the model. Surface polygon models are
shown in Fig. 5.

The application described above was developed using
VisualStudio 2008 C++ (Microsoft Corp.) Both the rendering
of the 3D model and the realization of the ICP algorithm
was based on the Visualization Tool Kit Library [11].

3.3 Verification Subsystem
The verification subsystem is applied to simulate the

temporary placement and conveyance operation in the

Fig. 4. Interface for Producing a Surface Model.

Fig. 5. Surface Polygon Models of the Environment (Left) and Dismantling Target (Right).



actual work field. Its outline is shown in Fig. 6. The
subsystem comprises a dice marker (real object), a tablet
PC (display device) and a camera fixed on the PC. The
tablet PC was chosen as the display device because a
handheld display is the best choice for this study. Display
devices of various kinds are available for AR. The three
main kinds are projection, head mounted, and handheld
systems. In the temporary placement and conveyance
operation, the system operator must move the display
device in a large area of the work field. The projection
display projects images onto a real object using projectors.
The projector is too heavy to be moved frequently by
users. If it is fixed at a certain position, then the area of
superimposed images is too small, so multiple projectors
are needed in a large area of the work field, which
increases the overall cost of the devices. Therefore, the
projection display is not a good choice. The head-mounted
display is also not a good choice. Its view angle is too
small. Therefore, it is dangerous for operators to move
themselves in the work field since many obstacles always
exist in NPPs. Compared with those systems, the handheld
display presents some advantages. It does not disturb the
worker’s view angle. In addition, the displayed information
related to it can be shared with other workers. Therefore,
the handheld display was chosen for this study.

To simulate operation in the work field, two operators
are needed. One is a system operator who performs
verification through the camera and the PC. The other moves
the dice marker following instructions from the system
operator. The 3D model of the dismantling target can be
superimposed on the dice marker if it is captured by the
camera. The position and orientation of the superimposed
model is changed following the movement of the dice
marker. Using the camera tracking technology [9] (as
described in Section 3.2), the position and orientation of
the camera are estimated in real time by capturing the
markers pasted in the environment in advance. The relative
position and orientation between the dice marker and the

camera can also be calculated when the dice marker is
captured by the camera. Consequently, the position and
orientation of the dice marker, or in other words, the
position and orientation of the virtual dismantling target,
are also obtained. Referring to the 3D model of the
environment obtained using the modeling subsystem, the
collision position between the virtual dismantling target
and real environment can be detected if collision occurs.
Then, it is indicated on the tablet PC, as depicted in Fig.
7. First, the polygon of the environment is invisible, and
the dismantling target is visible with its texture. When
the collision occurs, the polygons of the environment
touching the dismantling target become visible as painted
red. The polygons of the dismantling target contacting
the environment are painted yellow.

In this study, camera tracking is based on the captured
markers pasted in the environment. To keep capturing
essential markers and the operation state in the work field,
a camera with a wide view angle is necessary. Therefore,
a camera with a short focal length is chosen for use in this
subsystem. The hardware specifications of the subsystem
are shown in Table 2. The tablet PC is also a little too heavy
to move. It is therefore mounted on a tripod. Using the
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Fig. 6. Outline of the Verification Subsystem. Fig. 7. Visualization of Collided Part.

Table 2. Hardware Specifications for the Verification Subsystem

Tablet PC

Camera

Vendor
Model
CPU
GPU

Memory

Vendor
Model

Resolution
Focal length

Panasonic Corp.
CF-C1AEAADR

Core i5-520M
Intel HD Graphics

1 GB

Point Grey Research
Inc.

CMLN-13S2C-CS
1280 960
3.12 mm



screw knob of the tripod, the tablet PC can be rotated easily.
Furthermore, using a caster fixed under the tripod, the
tablet PC can be moved easily. The subsystem hardware
is shown in Fig. 8.

The operation interface of the verification subsystem
is designed to fulfill requirements I to IV described in
Section 3.1. Although the dice marker is used for moving
the virtual dismantling target, it is difficult in some cases
to move the superimposed model of the dismantling target
following the dice marker, for example, if the expected
position is too high for the operator, or very small
adjustment on the model is expected. Considering these
cases, the functions that allow the operator to move the
model of the dismantling target using some buttons on the
interface or using a stylus pen are designed for requirement
II as shown in Fig. 9. The buttons in panel (2) are designed

to translate or rotate the model of the dismantling target.
Using these buttons, the dismantling target can be moved
independently of the dice marker. Moreover, a stylus pen
is useful to move the model by touching and dragging the
dismantling target on the superimposed image directly.
However, it would lose the original relative position and
orientation between the dismantling target and the dice
marker. Therefore, the position and orientation of the model
can also be reset based on the captured dice marker by
pressing a reset button in (2). Some other functions are
also designed for the requirements. Corresponding to
requirement I, the buttons in panel (1) are designed to
switch the visualization of models. Here, the operator can
render the model of the dismantling target visible or
invisible, and cancel the color, which indicates the collided
position. These two functions are necessary because the
operator must know the situation behind the virtual model
which will be blocked by the model when it is visible.
Excessive indicator colors on the image might confuse
the operator. Corresponding to requirement IV, panel (3) is
designed to record and refer the position and orientation
of the dismantling target. The corresponding superimposed
image is also recorded and displayed in panel (4).
Corresponding to requirement III, the superimposed image
is displayed in panel (5) in real time. The application was
developed using VisualStudio 2008 C ++ (Microsoft Corp.).
It is realized by multiple threads, and the main thread is
for the tracking and AR display. To reduce the delay of
the tracking and AR display, another thread is used for
collision detection between the 3D models of the dismantling
target and the environment, as realized based on the Bullet
Physics Library [12]. By displaying the virtual 3D model
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Fig. 9. Interface of the Verification Subsystem.

Fig. 8. Photographs of Verification Subsystem Hardware.



of the dismantling target and indicating the collision position,
the frame rate of the refreshed image is about 5 to 10
frames per second (fps). It depends on the complexity of
the dismantled target and the environment.

3.4 Tracking Method
As described in Sections 3.2 and 3.3, a tracking method

is necessary to estimate the position and orientation of the
camera to transform a point cloud into a world coordinate
in the modeling subsystem and to calculate the position and
orientation of the dice marker in the verification system.
A possible means is the use of natural feature-based
tracking technology, which estimates the position and
orientation of the camera using existing natural features
of the environment, such as corner points or edge lines.
However, this method has less stability than marker-based
tracking technology. The marker-based method was chosen
for use in this study because verification in an actual work
field necessitates high stability. Fig. 10 shows a circular
marker applied in this study. Compared with other markers,
it has the advantage that it is useful in both long-distance
(>3 m) and short-distance (<3 m) tracking [9]. Every circular
marker is designed with a unique ID. To estimate the
position and orientation of the camera, at least one marker
must be captured by the camera when short-distance
tracking, or four markers when long-distance tracking. In
accordance with this rule, sufficient markers must be pasted
in the environment in advance for the camera tracking.
The world coordinate system used here was defined based
on three specially assigned circular markers. The center
of the marker with ID 1 defines the origin of the world
coordinate system. The direction from the origin to the
center of the marker with ID 2 defines the +X axis. The
plane which contains the centers of the three markers with
IDs 1, 2, and 3 is the XOY plane. The Z axis is defined
automatically based on the origin and the XOY plane.
The positions and orientations of all pasted markers were
measured using the marker auto-measurement system
(MAMS) [13]. The dismantling target is superimposed
on a real object, so the position and orientation of the

object must be calculated during the simulation. Therefore,
it is necessary to paste multiple markers on the object to
make it detectable from any view direction, and the relative
position and orientation of these markers must be available
in advance. Six circular markers are pasted on each side
of the dice marker, as shown in Fig. 8, so it is assured that
at least one marker on the dice marker can be captured by
the camera from any direction (the distance between the
camera and the dice marker is assumed to be short in this
study), and the relative position and orientation of the six
markers are obtainable. By capturing the environmental
markers and the dice marker, the relative position and
orientation between them and the camera is obtainable.
Results show that the relative position between the dice
marker and the environmental markers, or in other words,
between the virtual dismantling target and the work
environment, can be calculated. It enables verification of
detected collisions between the dismantling target and
the environment.

4. EVALUATION EXPERIMENT

The developed system is anticipated for application to
simulate conveyance and temporary placement operations
by field workers in an NPP. It is necessary to determine
whether the system is feasible in the actual work field,
whether it would be accepted easily by field workers, and
what should be improved in future versions. Therefore,
an experiment that evaluates the feasibility of the system
and the acceptability for field workers is necessary. Some
problems which might arise in practical use can also be
found through experiment. According to a pre-evaluation
of the modeling subsystem, it is difficult for a beginner to
combine multiple point clouds manually and to produce
3D surface polygon models using the modeling subsystem.
The modeling subsystem will be improved to automatically
obtain the 3D surface polygon models from measured
point clouds; then it will be evaluated in future studies.
Therefore, the emphasis of the evaluation in this study
was on the verification subsystem.

4.1 Evaluation Method
In this study, the structured heuristic evaluation method

[14] is applied in the evaluation. The method evaluates
the feasibility and acceptability of the system based on
the intuitive experience of the evaluators after using the
system. Using the method, some problems in practical use
can be identified along with some possible improvements
based on advice given by the evaluators.

The evaluation experiment was performed in a pure-
water chamber of Fugen. Fig. 11 shows an image of the
work environment in the chamber. Preparation in the
work field for camera tracking is necessary before the
evaluation. For this study, a circular marker with 147 mm
radius was adopted for tracking. The marker was pasted

515NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.44  NO.5  JUNE 2012

YAN et al.,  Development and Evaluation of a Temporary Placement and Conveyance Operation Simulation System Using Augmented Reality

Fig. 10. Circular Marker.



on a square panel whose edge length is 405 mm. Twenty-
four square panels were pasted in the work environment
in advance. Their position and orientation were measured
using MAMS; then this data input into the verification
subsystem for the camera tracking. A sketch map of the
markers pasted in the environment is shown in Fig. 12. Six
square panels were pasted on each side of the dice marker
used in the verification subsystem. In this experiment, the
evaluator was the system operator, whereas the experimenter
was the dice marker operator who followed instructions
from the system operator.

A tank (about 1 m 1 m 3 m) was chosen as the
equipment designated for dismantlement, as shown in Fig.
5 (the dismantling target with texture on the right image).
It was assumed to be dismantled and temporarily placed;
then, it was transported through a passage in this experiment.
Evaluators conducted the evaluation by following the
steps presented in Fig. 13. First, an evaluator was told
how to use the system: about 10 min were necessary for
the instructions. Then, the evaluator respectively operated
the two subsystems following the work scenario. The
work scenario comprises two parts: a scanning part and a
verification part. In the scanning part, the evaluator used
the modeling subsystem to elucidate how to obtain the
3D point cloud of the environment and the dismantling
target. Details of the scan procedure are described below;
it took about 20 min.

1)Following the instructions of the experimenter, the
evaluator assembled the hardware (laser range scanner,
motion base, tripod, and control PC) in the modeling
subsystem.

2)The 3D point clouds of the work environment were
measured using the modeling subsystem.

3)The measured data was saved. The 3D surface polygon
model which would be used in the verification
subsystem was confirmed. Because it is difficult for a
beginner to combine measured point clouds into one
cloud and produce the 3D model, the 3D model in
this experiment was not made from the point clouds

measured by the operator, but was instead made by
the experimenter in advance.

4)The subsystem was uninstalled as its initial state before
step 1).
In the verification part, the evaluator simulated the

temporary placement and conveyance operations using the
3D surface model obtained from the modeling subsystem.
The dice marker was placed on the ground to simulate the
placement; then, it was moved through a narrow passage
by the dice marker operator to simulate the conveyance
(Fig. 14). A top view of the simulation environment is
shown in Fig. 15, in which the large ellipse shows the
position of temporary placement of the dismantling
target. The arrows indicate the moving direction of is the
dismantling target. The superimposed images of the
temporary placement and conveyance operation simulation
are shown in Fig. 16 and Fig. 17, in which the dashed
ellipse indicates the superimposed virtual 3D model of

516 NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.44  NO.5  JUNE 2012

YAN et al.,  Development and Evaluation of a Temporary Placement and Conveyance Operation Simulation System Using Augmented Reality

Fig. 12. Sketch Map of the Pasted Markers.Fig. 11. Pure-water Chamber Pasted with Markers.

Fig. 13. Evaluation Steps.



the dismantling target. Actually, the dashed ellipse does
not exist in the actual image. It is superimposed only in
this paper for convenience of explanation. Details of the
verification part are explained below. This part took about
20 min.

1)Following the instructions of the experimenter, the
evaluator assembled the hardware (tripod, PC, camera)
into the verification subsystem.

2)The temporary placement operation was simulated by
keeping the 3D model at a given position.
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Fig. 15. Top View of the Simulation Environment.Fig. 14. Simulation Using Dice Markers.

Fig. 17. Simulation of Conveyance. (From Left Column to Right: The Dismantling Target is Moved Far away from the Evaluator.)

Fig. 16. Simulation of Temporary Placement.



3)The conveyance operation was simulated by moving
the 3D model.

4)The subsystem was uninstalled as its initial state before
step 1).
Finally, a questionnaire and an individual interview

about the system feasibility and acceptability were
administered by the evaluators. It took about 20 min for
each evaluator. After all evaluators had finished their
evaluations, a group discussion was conducted between
them and the experimenter.

Four evaluators in this study evaluated the system
one by one. They included one human interface expert
(Evaluator A) working at a university, and three field
workers (Evaluators B, C, and D) working at Fugen. The
system feasibility and acceptability were evaluated by
investigating whether requirements I to VII described in
Section 3.1 were satisfied. Therefore, corresponding to
the requirements, 36 evaluation items in all, as shown in
Table 3 to Table 7, were included in the questionnaire
(requirement V is for the modeling subsystem. Therefore,
its corresponding items are not included). For convenience,
the order of the items was rearranged based on their
correspondence with requirements I to VII in this paper.
The original order of the items is shown in the bracket of
the No. column in the tables. In every evaluation item, a
rank of 1 to 5 (1 – completely disagree, 2 – disagree, 3 –
fair, 4 – agree, 5 – completely agree) can be chosen. In
the interview and group discussion, the evaluators would
explain why some items were assigned a low rank (Lower
than 4), point out problems in practical use, and give some
advice for improving the system.

4.2 Evaluation Results and Discussion
Corresponding to requirement I, the evaluation items

all received a high rank (Rank 4 or 5), as shown in Table
3. Consequently, it is known to be effective to refer to the
surface model of the dismantling target in the work field.
However, Evaluator A found that the model was swaying
slightly, even if the dice marker and camera did not move
at all in some cases. That apparent motion results from the
slight instability of the camera tracking. Although it
affected the verification little in this study, it would be
better to improve it in future work. Evaluator A also
suggested that the superimposed dismantling target be made
transparent because the arrangement of objects behind
the dismantling target is not visible when the dismantling
target is superimposed. Although the function to make
the dismantling target invisible is designed to solve this
problem, if the transparent model will not reduce the
intuitive characteristics of the system, it can be incorporated
as a point of improvement in future versions.

The items corresponding to requirement II are shown
in Table 4. Low rank (Rank 2 or 3) on Items No. 7 – No. 9,
which evaluate the operation method of dismantling target
using the dice marker, was obtained from Evaluators A, B,
and C. Evaluator A thought it was inconvenient to instruct
the dice marker operator in how to move the dice marker
by voice because of the noise in the actual work field.
Therefore, a set of gestures that can be understood between
the cube operator and system operator is necessary. He also
pointed out that it was difficult to move the dismantling
target a short distance using the dice marker. He suggested
that after moving the dismantling target to an approximate
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The situation of temporary placement becomes easy to understand by superimposing the dismantling
target over the camera view.

Situation of transportation becomes easy to understand by superimposing the dismantling target over the
camera view.

Function is effective to make the dismantling target invisible.

Function is effective to reset the color of the dismantling target.

It is effective to make dismantling target models by measurement with the system and to use them for
verification.

It is effective to verify temporary placement and transportation work by referring to the dismantling
target model in the actual work environment. 

5

5

5

5

5

5

4

5

5

5

4

4

4

4

5

5

5

5

5

5

5

5

5

5

No.
Evaluation item (Corresponding to requirement I: The 3D model of the dismantling target must be
available for reference in the work field.)

A B C D

1(3)

2(4)

3(24)

4(25)

5(34)

6(35)

Table 3. Evaluation Result of the Verification Subsystem (1/5)



position using the dice marker, the smart operation should
be done using the interface. Evaluator B pointed out that
a slight delay existed between the moving of the dice marker
and the dismantling target in some cases. In particular,
Evaluator B assigned the lowest rank to Item No. 7. As
the youngest of the evaluators, he might be very familiar
with computers and might therefore prefer moving the
dismantling target using the software interface instead of
the dice marker. Evaluator C thought that the dice marker
was too large to move easily. The marker size was
determined depending on the distance between the camera
and marker to assure tracking stability in this study. If a
tracking technology with higher stability in long distance
tracking were available, then this problem could be solved.
To Item No. 13, Evaluators A and D assigned a low rank
(Rank 3). They experienced some trouble in rotating the
dismantling target using the stylus pen. Evaluator A also
pointed out that the dismantling target cannot be rotated
around the direction parallel with the image. To Item No.

14, Evaluator B assigned Rank 3 because he thought the
translation amount of the dismantling target was too small
after pressing an arrow button once. That is troublesome
when translation of a large distance is expected. Therefore,
some function is necessary to allow the operator to adjust
the translation amount as expected.

The two items corresponding to requirement III are
shown in Table 5. Evaluator B assigned Rank 2 to Item
No. 17. He reported that the superimposed colors would
cause confusion in the operators’ view. It was better to
paint color only on the dismantling target or only on the
environment. Moreover, he suggested using some
superimposed arrows to indicate the collision position,
thereby making it possible to distinguish the current
collision position from that which occurred before to make
the simulation more intuitive. Therefore, a superimposing
method that can realize the suggested functions without
confusing operators is necessary.

Items corresponding to the requirement IV are

519NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.44  NO.5  JUNE 2012

YAN et al.,  Development and Evaluation of a Temporary Placement and Conveyance Operation Simulation System Using Augmented Reality

It is effective to make it possible to change the position and orientation of dismantling target by moving

the dice marker.

It is easy to translate the dismantling target using the dice marker.

It is easy to rotate the dismantling target using the dice marker.

It is effective to translate the dismantling target using a stylus pen.

It is effective to rotate the dismantling target using a stylus pen.

It is easy to translate the dismantling target using a stylus pen.

It is easy to rotate the dismantling target using a stylus pen.

It is effective to translate the dismantling target using the buttons. (→, ←, ↑, ↓)

It is easy to translate the dismantling target using the buttons. (→, ←, ↑, ↓)

It is effective to set the position and orientation of the dismantling target at its initial position using the
button.

4

4

2

5

5

5

3

5

5

4

2

2

4

4

4

4

5

3

4

5

4

3

3

5

5

5

5

4

5

5

5

5

5

5

5

5

3

5

5

5

No.
Evaluation item (Corresponding to requirement II: The 3D model of the dismantling target must be
freely movable when performing verification.)

A B C D

7(7)

8(8)

9(9)

10(10)

11(11)

12(12)

13(13)

14(15)

15(16)

16(17)

Table 4. Evaluation Result of Verification Subsystem (2/5)



presented in Table 6. They all were assigned Rank 5 except
Item No. 22, with Rank 4 from Evaluator D, who did not
understand the referring function very well at first. Results
show that the record and reference functions are effective
and easy.

The items corresponding to requirements VI and VII
are presented in Table 7. Evaluators B and C assigned Rank
3 to Item No. 27. They felt it somewhat inconvenient to
use the stylus pen. Evaluator B reported that the movement
of the dismantling target corresponding to the slide of the
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It is effective to record the position and orientation of the dismantling target.

It is easy to record the position and orientation of the dismantling target.

It is effective to refer to the recorded position and orientation of the dismantling target visually.

It is easy to refer to the recorded position and orientation of the dismantling target visually.

It is effective to choose the recorded capture images using the buttons.

It is easy to choose the recorded capture images using the buttons.

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

4

5

5

No.
Evaluation item (Corresponding to requirement IV: Some operation states must be recordable and be
available for reference later.)

A B C D

19(18)

20(19)

21(20)

22(21)

23(22)

24(23)

Table 6. Evaluation Result of the Verification Subsystem (4/5)

It is easy to set up the system.

It is easy to remove the system.

It is easy to operate the system using a stylus pen.

The size of the area to display the camera image is adequate.

The PC display size is adequate.

The system size is adequate and it is easy to carry in.

The button size is adequate.

The system is useful easily even if it is the first use.

The system response is sufficiently quick.

It is easy to rotate the system to change your viewpoint.

It is easy to move the system to change your viewpoint.

I was able to use the system without feeling stress.

25(1)

26(2)

27(14)

28(26)

29(27)

30(28)

31(29)

32(30)

33(31)

34(32)

35(33)

36(36)

5

5

5

5

5

5

5

4

5

5

4

3

4

4

3

5

5

4

5

4

4

4

5

3

5

5

3

4

4

4

3

4

5

4

4

5

5

5

4

5

5

5

5

4

5

5

5

4

No.
Evaluation item (Corresponding to requirements VI and VII: The system must be easily installable and
mobile and system operation must be easily mastered.)

A B C D

Table 7. Evaluation Result of the Verification Subsystem (5/5)

It is easy to recognize the collided position on the dismantling target by making the collided position
yellow.

It is easy to recognize the collided position in the work environment by making the collided position

4

5

2

4

5

5

4

5

No.
Evaluation item (Corresponding to requirement III: Collision between the dismantling target and the
environment must be indicated clearly.)

A B C D

17(5)

18(6)

Table 5. Evaluation Result of the Verification Subsystem (3/5)



stylus pen is too slow to perform the operation. Evaluator
A and B gave Rank 3 to Item No. 36. In particular, Item
No. 32 is the only item which did not receive a Rank 5 from
any evaluator. These results show that the system is not
understood so easily by a beginner. Evaluator D thought it
was better to do training before actual operation. Evaluator
C also assigned Rank 3 to Item No. 31 because he
reported that the buttons were small. Furthermore, some
disadvantages of the system were pointed out. Evaluator
A thought it was difficult to move the system using casters
when the ground had some hollows. Evaluator B thought
it was difficult to move the system with the tripod in some
cases when the space was too narrow. Consequently, the
system will be accepted easily if the user interface and the
pre-instruction of how to using the system is sufficiently
comprehensible. To use the system in most cases in NPPs,
miniaturization for greater ease of movement is also
expected.

In addition to the valuable knowledge related to the
items listed above, the evaluators provided some useful
comments. Evaluator C pointed out that the image is
difficult to view on the Tablet PC when the environment
is too bright. To solve this problem, some other display
device should be prepared. For example, the HMD would
be useful in some cases in which an operator would not
need to move in a large area. Therefore, the small view
angle would not affect the operation. To make the simulation
more intuitive and similar to actual operations, Evaluator
D suggested that not only the dismantling target, but also
workers and equipment such as cranes for carrying the
dismantled components should be superimposed on the
image when moving the dismantling target. It would be
better if the distance between the environment and the
moving dismantling target could be shown. Moreover,
Evaluator D thought the system would be more useful if
it could be used by multiple workers simultaneously. If
that were possible, the situation of the operation could be
shared and checked from different positions so that
efficiency and safety could be improved. This is possible
using multiple systems with mutual exchange of information
through a wireless network.

5. CONCLUSION

This paper describes a temporary placement and
conveyance operation simulation system (TPCOSS) to
support temporary placement and conveyance operation
using augmented reality (AR). The system includes two
subsystems: a modeling subsystem to obtain the surface
polygon models of dismantling targets and the environment,
and a verification subsystem to simulate the temporary
placement and conveyance operation. The feasibility and
acceptability of this system were evaluated at Fugen by
investigating whether the requirement for actual operation
in the NPP work field is satisfied by the system. According

to the evaluation results obtained from the 4 evaluators,
the following requirements are fulfilled.

(1)A 3D model of the dismantling target can be referred
easily in this system.

(2)A 3D model of the dismantling target can be moved
freely but not easily in this system.

(3)Collision of positions between the dismantling target
and environment is indicated intuitively.

(4)The operation state (position and orientation of the
dismantling target, and the corresponding superimposed
image) can be recorded and referred easily. The
functions are effective.

(5)It is possible to obtain 3D models of the dismantling
target and the environment in the work field, but it is
difficult now for field workers.

(6)The system is installed and moved easily except in
certain cases.

(7)The system is easy for a field worker who has operation
experience using the system. However, prior instruction
is necessary for beginners.
According to the 4 evaluators, the system is feasible

to support actual conveyance and temporary placement
operation in a work field at an NPP except in some cases.
Such cases might be those in which the ground has hollows
that complicate the passage of an item on casters, or where
the work space is too narrow to move the system with a
tripod. To make the system useful in more cases, system
miniaturization is necessary to allow it to be moved more
easily in future work. The system is accepted well by field
workers after pre-instruction about the system. However,
some problems remain for practical use. They must be
resolved in future work. The main problems are the
following.

(1)In some cases, if the dismantling target is blocked by
some component, then it is difficult to measure the
dismantling target using the laser range scanner.
Other modeling methods should be considered in these
cases. For example, a camera might be used to build
the 3D model of the target from extended image
sequences. [15]

(2)Special skills are necessary to generate the 3D
surface models in the current system. Therefore,
such generation is necessary to make it completely
automatic in building models in future work.

(3)Intuitive use of the superimposed image should be
improved. Arrows to indicate the collision position, the
apparent model of the dismantling, and the difference
between a collided part and a touching part were
suggested by the evaluators. Realization of use without
confusing the operator should be explored in future
work.

(4)The user interface must be improved to make it as easily
comprehensible and operator-friendly as possible.

(5)Making it possible for the system to be used by
multiple workers simultaneously with multiple systems
and their wireless communication must be considered.
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In addition to the points explained above, a tracking
method with less preparation, for example, natural feature-
based tracking, and more compact devices, such as the
iPad2 is expected to be achieved in future work, given
sufficient tracking stability. Simpler operation methods
of the virtual dismantling target should also be explored.
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