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Abstract—During the refueling period of a nuclear power
plant, the plant needs to be checked and maintained
carefully. The maintenance procedure is dangerous to the
maintenance personnel because of the radiation in the plant.
To train maintenance personnel and decrease the radiation
dose received by them, we designed a maintenance
simulation system of nuclear power plant by means of
virtual reality technology. A virtual nuclear power plant
scene which includes equipments, pipes, rooms and virtual
maintenance people is built. The activities of the virtual
maintenance person are simulated through the three-
dimensional (3D) animation technology. The radiation fields
in the plant are showed through a color plane rendering
method. To find the optimal maintenance path that has the
smallest cumulative radiation dose in the radiation
environment, an improved ant colony algorithm is
proposed. The designed system can help to train the
maintenance personnel and to increase the safety of the
maintenance procedure of the nuclear power plant.

Index Terms—Nuclear Power Plant, Virtual Reality,
Maintenance Simulation, Path Planning, Ant colony
Algorithm

1. INTRODUCTION

After the grave nuclear accident occurred in the
Fukushima nuclear power plant, Japan, the safety of
nuclear power plants caused more and more debate. Most
of the nuclear accidents are caused by misoperation of
operators, so it is very important to increase the operation
skill of staff in the nuclear power stations. Some
simulation systems of nuclear power stations have been
designed to help to train staff in nuclear power stations.
Ohga et al. [1] designed a system which can calculate and
visualize the radiation field, and can help the maintenance
personnel. Lamela et al. [2] and Roédenas et al. [3]
designed virtual reality systems to help to train nuclear
power plant operators. Vermeersch et al. [4] designed a
planning tool to decrease the radiation dose received by
operators. Some simulation systems that can be used in
decommissioning procedure of nuclear facilities were
designed [5]-[8]. Kim et al. [9] proposed a calculating
method to predict the radiation dose in nuclear power
plants. Yan et al. [10] designed a virtual inspection system
of nuclear power stations.

During the refueling period of a nuclear power station,
a lot of equipments need to be checked and maintained.
The proficient operation ability of the maintenance
personnel can decrease the hidden troubles existing in
equipments. And the maintenance personnel need to be
protected and their working time should be decreased
because of the radiation in some places of the plant. To
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Figure 1. Main functions of the system

train the maintenance personnel and decrease the radiation
dose received by them, we designed a maintenance
simulation system of nuclear power plant. To construct a
vivid maintenance simulation environment, we built the
3D nuclear power station models by the Multigen Creator
tool [11]. And these nuclear power station models and the
color radiation field are organized and rendered based on
the Vega graphics engine [12]. A virtual maintenance
personnel is modeled and it can do various operations in
the virtual nuclear power plant scene. Under the restriction
of minimum cumulative dose received by the maintenance
personnel, an ant colony planning algorithm [13]-[16] is
used in our system to calculate the optimal maintenance
path.

1I. SYSTEM FRAMEWORK

The main functions of the simulation system include:
3D roaming of the nuclear power plant, visualizing of the
radiation dose fields, planning and visualizing of the
maintenance path, activity simulation of the virtual
maintenance personnel. The function diagram is showed
in Fig.1.

There are various equipments and objects in a nuclear
power station. First, they are modeled through 3D
modeling tools. Then, these 3D models are organized into
a 3D scene. Users can roam in the virtual scene and do
various operations.

To show the invisible radiation field in the 3D scene, a
radiation dose field rendering method is designed. It uses
different colors to represent different radiation dose
values.

By means of virtual person modeling technology and
animation technology, various activities of the virtual
maintenance personnel is simulated.

After a maintenance task is assigned, the ant colony
planning algorithm is used to find an optimal maintenance
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path. This path has the minimum cumulative radiation
dose value compared with other maintenance paths.

III. MAINTENANCE PATH PLANNING

To do the optimal path planning in the radiation
environment, firstly, the environment is divided into
uniform grids in horizontal direction. The size of each grid
is denoted as step*step and the value range of the
parameter step is set as 0.2m~1.0m. The whole grid space
is denoted as S(V,,N,).The parameter N, means the grid
number in x axis direction, and the parameter N, means
the grid number in y axis direction. The radiation dose rate
at the center of each grid is calculated by linear
interpolating to the known radiation dose rate in the
environment space. We assume the virtual maintenance

(rdrate(i) + rdrate(j))x (05)(#)

dose(i,j) =

(Tdrate(i) + TdTate(j))x <w>

The parameters rdrate(i) and rdrate(j) denote the
radiation dose rate of the grid 7 and j separately.

B. Path planning

We use the ant colony algorithm to calculate the best
maintenance path between the beginning point ¥V, and the
target point V; of a maintenance task in the radiation
environment. The calculation procedure is as follows.

1) Initializing of the ant colony algorithm’s parameters
The ant colony algorithm’s parameters include a, f, p,
m, Q, iterm.x, the pheromone trail matrix and the paths
table of the ants’ passed, etc. Where a denotes the
importance degree of the pheromone trail; # denotes the
importance degree of the heuristic function; p is the
volatile factor of the pheromone; Q denotes the increase
degree of the pheromone; iter,,.x denotes the maximum
iteration calculating amount the algorithm allowed.

2) Moving control of the ants
The V,and V,grids are set m ants separately. For the
ant k, its current grid i’s accessible grid set is constructed
as (2).
allow® = N, — P, 2)
The set N; is the grid i’s neighbor grids, and the set P,
is the grids the ant & has passed.

The ant k selects the target grid in allow’ and moves
to it according to (3).
Tf‘jdose(i,j)_ﬁ
pll‘j = deazzowll‘ Tigdose(i, 9)F’
0, else
The variable p{‘j denotes the probability moving from
the grid i to the grid j to the ant k. And r; is the
pheromone trail concentration from the grid i to the grid ;.

Here dose(i,j)™# acts as the heuristic function when the
ant moves from the grid i to the grid ;.

j € allowf  (3)

3) Death setting of the ants

Every ant selects its next grid according to (3) and this
grid number is stored in its passed path record. After
every ant has moved to new girds, the system will judge
whether the ant should be dead or not. The death rules of
the ants are described as follows.
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personnel locate at the center of a grid when they move or
operate in the radiation environment. Below, to simplify
the description, we use the term “grid” to represent the
center point of the grid. We denote the maintenance
personnel walking speed by v.

A. Calculation of received radiation dose when passing
through the grids

To calculate the accumulative radiation dose received
by the maintenance personnel in a maintenance procedure,
firstly, we calculate the received dose of the maintenance
personnel when he passes through neighboring grids.

When the maintenance personnel moves from the grid i

to its neighboring grid j, the received radiation dose is
described in (1).

if i,j are horizonal or vertical neighboring grids

(1

if i,j are neighboring grids in diagnal direction

(D If there are no accessible grids for the ant, it dies
and is marked with a no available path mark.

@) If the ant has reached its targeting grid (V,or V) ,
it dies and is marked with an available path mark.

(® Every ant has an original dose; value which equals
the maximum allowable radiation dose the maintenance
personnel can bear. The value of dose, will reduce
gradually when the ant moves in the grids with radiation.
The ant will die when the value of dose; is decreased to
zero and it is marked with a no available path mark.

@ When two ants meet, if the targeting gird of an ant
is the same with the original grid of another, the ant
having shorter path gives its path data to the other, and
then the ant with completed path dies and is marked with
an available path mark.

Every ant moves according to (3) and is marked with
dead or not and the procedure is repeated until every ant
is dead. We call this an iteration calculation step. The
maximum allowable amount of the iteration calculation
step in the system is itery,y.

4) Updating of the pheromone trail

When one iteration step is finished, all the found
maintenance paths are compared and the one with
smallest cumulative radiation dose value is selected as the
optimal path of this iteration step. The pheromone matrix
is undated according to (4).

7;(n+1) = (1 = p)ry;(n) + Aty (n) (4)
ATij
_ m, if i,jareinthe optimal path (5)
0, if i,jarenotin the optimal path

The formula (4) describes the pheromone relationship
between the iteration step (n+1) and the iteration step n
of the ant colony algorithm. The parameter p is the
volatile factor of the pheromone. The parameter At;;
denotes the increase quantity of the pheromone after each
iteration calculation step and its calculation method is
showed in (5).
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The formula (5) is constructed based on MMAS
strategy [16], only if the grids i and j are in the optimal

path calculated by the iteration step n, their corresponding
Q

Y dose(i,j)’
5) Obtaining of the optimal path
Each iteration calculation step obtains an optimal path
and then the pheromone matrix is updated. Then the new
iteration calculation step begins. The procedure is
repeated until the iteration step number reaches iter,y.

From all the optimal paths calculated by each iteration
step, the best one is selected and stored in a file. And this
file is used in visualizing of the maintenance path and the
driving of the virtual maintenance personnel in the
system.

pheromone increase the value of

IV. SCENE VISUALIZING

A. Static scene visualizing

The nuclear power station includes various
equipments, pipes, rooms, etc. At first, these objects were
modeled by the Multigen Creator software—a kind of 3D
modeling tool. Then these models are organized together
to form a static 3D scene.

Through the 3D rendering engine, the scene can be
rendered in a 3D manner. Users can operate the objects in
the nuclear power station scene, and can roam in the
scene and get a vivid experience. We use the Multigen
Vega graphics engine to render the nuclear power station
scene. The modeling and rendering procedure of the
nuclear power station is showed in Fig. 2.

B. Radiation dose field visualizing

Radiation fields are invisible. To show it in the
maintenance environment, we use different color planes
to represent different radiation dose values. For example,
the red color represents the highest radiation dose value
and the blue color represents the lowest radiation dose
value. And the rendered color radiation environment can
help the maintenance personnel to keep away from the
dangerous region.

The main rendering process of the radiation field is as
follows [10].

1) Read the radiation dose data in the database. The
data’s form is (x, y, z, i) where x, y, z represents the space
position of the sampling point of the radiation field. The
parameter i represents the radiation dose value at the
sampling point and its value range is [Z,in, Lmax]-

2) Construct the color array color[3n] ={{R,G,B}}.
With the cut down of the array index i, the red color
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component’s values cut down gradually and the blue
color component’s values raise gradually. The value of
parameter n equals to 256.

3) Do mapping between the radiation dose value and
the rendered color. According to the value of the
radiation dose at current position, its corresponding color
index is calculated. The formula (6) shows the calculation
method where the parameter k; denotes the color index of
the color array.

L= lmin . i i
ki _ m)(&ﬂ ) bmin <i< lmax (6)
3n—1, i = lnax
4) Draw the color planes in line with their vertexes’
color values color[k;].

C. Virtual maintenance personnel visualizing and

driving

We firstly build a virtual maintenance personnel model
based on the Multigen Creator tool and some existing
virtual people models. Then the behaviors of the virtual
maintenance personnel are classified into several types.
Then these behaviors are decomposed into some basic
actions. These basic action animations are realized
through controls to the degree of freedom (DOF) nodes of
the virtual maintenance personnel model.

After getting the optimal maintenance path data, the
system changes the virtual personnel’s positions at
regular time in accordance with the key points’
coordinates of the path. Besides this, the optimal
maintenance path is also drawn in the scene.

V. IMPLEMENTATION OF THE ALGORITHM AND THE 3D
SIMULATION RESULTS

A. Parameter setting

Different parameter values have different influence to
the stability and convergence ability of the path planning
algorithm. Based on the convergence proof given by
Stiitzle et.al. [14] and the experiment results in our
system, the parameters’ values showed in table I are used.

B. Simulation results

The rendering results of the nuclear power plant and
the radiation field are showed in Fig. 3 and Fig. 4. The
path planning result of a maintenance task in radiation
environment is showed in Fig. 5. The dash line represents
the optimized maintenance path. Fig. 6 shows the virtual
maintenance personnel which is walking along the
optimal maintenance path.

TABLE 1. PARAMETERS VALUE OF THE PATH PLANNING
ALGORITHM
parameters value

a 1
s 1
P 0.3
m 16
] 5

itermax 150
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Figure 4. Nuclear power plant scene 11
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Figure 5. Path planning result

Figure 6. Walking of the virtual maintenance personnel

1JOE — Volume 9, Issue 6, November 2013




PAPER
PATH PLANNING AND VISUALIZING FOR MAINTENANCE SIMULATION OF NUCLEAR POWER PLANT

VI. CONCLUSION

To help train maintenance personnel in nuclear power
stations and decrease the radiation dose they received, a
maintenance path planning method is proposed and a 3D
nuclear power station scene under radiation environment
is built. This system can calculate the optimal
maintenance path according to the distribution of the
radiation field and can provide a vivid virtual operation
environment. The system can help increase the safety
protection ability of the maintenance personnel in nuclear
power stations.
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