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a b s t r a c t

Dose optimization for Radioactive Occupational Personal (ROP) is an important subject in nuclear and
radiation safety field. The geometric environment of a nuclear facility is complex and the work area is
radioactive, so traditional navigation model and radioactive data field cannot form an effective envi-
ronment model for dose assessment and dose optimization. The environment model directly affects dose
assessment and indirectly affects dose optimization, this is an urgent problem needed to be solved.
Therefore, this paper focuses on an environment model used for Dose Assessment and Dose Optimiza-
tion (DA&DO). We designed a multi-layer radiation field coupling modeling method, and then explored
the influence of the environment model to DA&DO by virtual simulation. Then, a simulation test is done,
the multi-layer radiation field coupling model for nuclear facilities is demonstrated to be effective for
dose assessment and dose optimization through the experiments and analysis.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

At present, nuclear power plants have many thoughtful mea-
sures for nuclear radiation protection. However, people working at
nuclear facilities are exposed to low levels of radiation. Although
we can keep the dose in a safe range, they will suffer much expo-
sure during the specific radiation works. Pre-planning for
radiation-related works contributes to reducing radiation exposure
to ROP, raises the working efficiency of ROP, and helps to improve
nuclear safety. Except for traditional radiation protection measures,
virtual simulation is taken as a necessary tool for pre-planning and
training. In virtual environment, trajectory optimization has po-
tential to make ROP exposed to minimal radiation.

In recent years, much research has been done on trajectory
optimization to ensure the ROP0 s radiation safety. For example,
Mohammed et al. put forward a localized navigational guidance
algorithm based on wireless sensor network, which is tested under
the “Radiation Evasion” criterion and the “Nearest Exit” criterion
[1,2]. Liu et al. addressed a trajectory optimization based on particle
, South China University of

by Elsevier Korea LLC. This is an
swarm optimization algorithm in radioactive environment, which
is combined with multi-objective decision method [3]. Meantime,
they also studied other methods for trajectory optimization in
radioactive environment [4,5]. Li et al. proposed a dynamic mini-
mum dose walking path-searching method and built a two-
dimensional simulation platform for trajectory optimization [6].
Virtual simulation is another effective measure to ensure the
occupational workers’ radiation safety, for example, Korea Atomic
Energy Research Institute designed a dose assessment method
based on collision detection [7]. [8] proposed a simple voxel-based
dose assessment method to virtual human, which contributes to
dose optimization using virtual simulation technology.

According to recent research results, trajectory optimization and
virtual simulation have been significant means for radiation safety,
radioactive data field is essential for these above methodologies.
But all the above methodologies ignore the radiation field model's
influence on dose assessment and dose optimization, even generate
wrong results to misguide decision-maker. One reason is that the
radiation is distributed in the whole three-dimensional space, but
the dose assessment and dose optimization depend on the radio-
active data field in a specific plane. Other reason is that a person is
regarded as a point without tissue and organs, dose assessment
based on point is inaccurate according to the paper [8]. Through
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Fig. 1. Research framework.
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these reasons, we can summarize that dose assessment and dose
optimization are extremely dependent on environment model.

In this research, we proposed a multi-layer radiation field
coupling method to reduce the dimensions of the three-
dimensional radiation space, and to solve the mathematical prob-
lem of the human body's sensibility to radiation. Navigation model
and radioactive data field were combined to form an environment
model for nuclear facilities. We used virtual simulation to explore
the influence of environment model on DA & DO, instead of
traditional experimental methods.

The rest of the paper is organized as follows: Section 2 in-
troduces the research framework; Section 3 describes a multi-layer
radiation field couplingmodel for radioactive environment; Section
4 describes a navigation model for nuclear facilities for nuclear
facilities; Section 5 presents dose assessment based on point and
dose optimization based on trajectory; Section 6 presents and an-
alyzes the results of simulation test; Section 7 concludes the paper.
2. Research framework

The research framework is shown in Fig. 1, technological basics
of this research are virtual reality, basic objects are virtual person,
virtual scene and radiation configuration. Radiation configuration is
to set the information of radioactive source and shield. Both radi-
ation configuration and virtual scenes are used to establish an
environment model. The environment model contains two parts:
multi-layer radiation field couplingmodel and navigationmodel. In
Fig. 2. Illustration of a virtual radiation field representation. A: a simple three-dimensiona
located at the center; B: point-kernel program; C: radioactive data (coordinate-dose); D: ra
this research, the environment model is established and visualized
in virtual environment. The multi-layer radiation field coupling
model is discussed in section 3; the navigation model is discussed
in section 4. The radiation field coupling model is designed ac-
cording to the radiation effects at different heights on a human
body. We combine a trajectory optimization algorithm (for
example, minimum dose path search algorithm) with the envi-
ronment model to realize dose optimization. The virtual simulation
platform is used to simulate the walking activity along the optimal
path, the exposure doses to virtual human in different radiation
field models are assessed in real-time. By comparing different dose
assessment results from different radiation field models, we
demonstrated that the influence of the environment model on dose
assessment and dose optimization.
3. Radiation field coupling model

In a digital simulation, radiation field is a set of discrete data, can
be generated by third-party applications (such as point kernel in-
tegral method and Monte Carlo). Visualization and calculation of
dose are essential parts of nuclear and radiation simulation, it can
provide data for supporting decision-making about the form of the
radiation situation. The geometric environment of a nuclear facility
is complex and the work area is radioactive, traditional navigation
network and radioactive data field cannot provide an effective
environment model for dose assessment and dose optimization,
the environment model directly affects dose assessment and indi-
rectly affects dose optimization. This section mainly introduces a
virtual radioactive data field representation and a multi-layer ra-
diation field coupling modeling method.
3.1. Virtual radioactive data field representation

Fig. 2 illustrates a virtual radiation field representation in this
paper. Three-dimensional models of nuclear facilities are built by
the third-party three-dimensional modeling applications, a set of
radioactive sources and shields are configured. Considering calcu-
lational efficiency and shielding calculation, radioactive data field is
generated by point kernel method, constructed in the form of a
series of coordinate-dose. The radioactive data field is imported
into a virtual simulation platform and then visualized by multi-
layer colored planes at different heights. This needs to be stressed
that the three-dimensional radioactive data field cannot be repre-
sented by a radioactive data field at a certain height, so the
reduction of dimensions for three-dimensional radioactive data
field is necessary.
l scene, two radioactive sources are located at the corners of the room and a shield is
dioactive data field visualization.
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3.2. Multi-layer radiation field coupling

To provide a more available radiation field model for dose
assessment and dose optimization, we proposed a multi-layer ra-
diation field coupling model to simplify three-dimensional space
into four horizontal layers, every layer is given a weight and the
sum of all weights is 1.

To design these weights of four layers, we used a virtual human
model with re-allocated weighting factors [8]. To facilitate the use,
radioactive data field is denoted as uniform and discrete data set in
the research. Four-layer radiation fields at different heights are
stratified and simplified according to the whole three-dimensional
radioactive space, final radiation field coupling model is a two-
dimensional uniform distributed data set. Four-layer radiation
fields are established as shown in Fig. 3.

The height of a virtual human is set as 1.76 m, the main char-
acteristic and simplifying modeling can be referred to in the paper
[8]. According to the height distribution of tissues and organs, the
radiation field in three-dimensional space can be divided into four
layers, the weight of each layer is determined by the sum of the
weighting factors of organs and tissues in the space of this layer.
The radiation field of a layer can be determined by the average of all
horizontal radiation fields in this layer, a coupled radiation field is
determined by the weighted coupling of these four radiation fields.
The coupled radiation field is custom-made according to the height
of a virtual human, the coupling progress is easily realized by
programming.

A layer radiation field is an average value set of all radiation
fields in this layer, which can be calculated by the following
formula:

average dosejðx; y; zÞ¼
P

doseiðx; y; zÞ
n

(1)

where, doseiðx; y; zÞ is the radiation value at position ðx; y; zÞ of i-th
Fig. 3. Illustration of multi-layer radiation field coupling method. A: virtual human is simpl
radiation fields.
radiation field in the j-th layer; n is the number of radiation field in
the j-th layer.

A radiation field coupling model is calculated by the following
formula:

Coupled doseðx; y; zÞ¼
X

wi*average doseiðx; y; zÞ (2)

where, wi is the weight of the i-th layer,average doseiðx; y; zÞ is the
radiation value at position ðx; y; zÞ in the i-th layer.

The radiation field coupling model serves dose optimization.
The radiation field at a certain height cannot provide effective dose
assessment and dose optimization, so it is necessary to design a
radiation field coupling modeling according to a three-dimensional
radiation space. The reason for a three-dimensional radiation field
to be simplified into four layers is that the three-dimensional ra-
diation field and radiation field at a certain height are not suitable
for dose optimization. According to the longitudinal distribution of
organs and tissues of human, we divided the human body into four
layers. Through four layers, the radiation field coupling work is
simplified. Also, I think it is possible to simplify and couple the
three-dimensional radiation space using radiation fields at
different heights, but the weights of radiation fields at different
height should be designed. Theoretically, a multi-layer radiation
field coupling method can be used to customize the personalized
radiation field for different people.
4. Navigation model for nuclear facilities

In nuclear facilities, trajectory optimization needs a navigation
model for converting the geometrical environment into mathe-
matic model. The trajectory optimization problem in a three-
dimensional space is extremely complex, so three-dimensional
space is abstracted to two-dimensional map. Assume that three-
dimensional space abstracted to two-dimensional map has no
ified into 12 parts; B: weights of these parts of virtual human; C: weights of four-layers



Fig. 5. Illustration of radiation field and navigation grid. The left graph is the grid-
based navigation model, the right graph is the radioactive data field.
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important geometric information lost, grid representation is an
effective model for navigation.

4.1. Grid-based navigation model

The grid representation method uses a set of squares to repre-
sent thewhole space so that the three-dimensional space is divided
into obstacle grids and free grids. Then, the heuristic algorithm is
used to search an optimal path in the grid, which requires that the
free grids must be enough for a person. In this research, our idea is
to convert a virtual scene into a two-dimensional navigationmodel,
inwhich amass of grids (obstacle grids and free grids) are signed, as
shown in Fig. 4.

4.2. Radiation field and navigation grid coupling

One advantage of the grid-based navigation model is easy to
realize, other is convenient to represent the cost field (radiation
field in this paper). Radiation value and position of a grid in the
radiation field have one-to-one corresponding relation, which
makes dose optimization based on trajectory feasible. The coupling
between the navigation model and the radiation field is realized by
coordinates of grids. Fig. 5 illustrates the relation of navigation
model and radiation field, a path is 2 / 3/6 / 8/5 / 7, dis-
tance of 2 / 3 is d1, dose of 2 / 3 is c1¼(5.5 þ 4.8)/2*d1/v; dis-
tance of 3 / 6 is d2, dose of 3 / 6 is c2¼(4.8 þ 4.7)/2* d2/v;
distance of 6 / 8 is d3, dose of 6 / 8 is c3¼(4.7 þ 3.7)/2* d3/v;
distance of 8 / 5 is d4, dose of 8 / 5 is c4¼(3.7 þ 3.5)/2* d4/v;
distance of 5/7 is d5, dose of 5/7 is c5¼(3.5þ 2.1)/2* d5/v, dose
of the path is c1þc2þc3þc4þc5, where v is the walking speed of
virtual person, d1,d2,d3,d4,d5 are easily obtained according to
mean distance of two adjacent points. The radiation field is visu-
alized using a color map, warm color represents high radiation
value, cold color represents low radiation value.

5. Dose assessment and dose optimization

The radiation field of the working environment is indispensable
for pre-planning of radiation-related works, many works of dose
assessment and dose optimization are accomplished based on a
two-dimensional radioactive data field, for example, Visiplan [9]
and VRdose [10].

5.1. Dose assessment based on point

In the dose assessment, a ROP is regarded as a point, exposure
dose of the ROP is the dose where the point is located. This
Fig. 4. Navigation model of a hypothetical environment. Blue models are obstacles,
white grids are free area, black grids are obstacle area. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this
article.)
approach simplifies the organs and tissues of the body, and has no
regard for the spatial distribution of radiation. It has weakness and
limited strength but is an effective method used often for dose
assessment and dose optimization in virtual simulation.

The radiation field is similar to a color image, a point in the
radiation field is similar to a single pixel of the image, the radiation
value of a point is similar to an RGB value of a color. If a pixel in an
image is unknown, we need to assign it to a new pixel by neighbor
pixels. Different from nearest-neighbor interpolation, bilinear
interpolation is a more practical way of image interpolation tech-
niques. So, we adapted bilinear interpolation to solve the problem
of dose assessment based on point in this paper.

To improve the performance of dose assessment based on point,
we combine the environment model and bilinear interpolation al-
gorithm. The dose assessment is based on a radiation field coupling
model, instead of a radiation field at a certain height. The dose
assessment based on bilinear interpolation is to perform linear
interpolation inXandYdirections respectively, and then toobtain the
dose value of the point in the grid by aweighted summationmethod.

Fig. 6 gives an example of dose assessment based on point, a
ROP is regarded as a point in a grid, dose values of four vertexes
(red points) are known. According to the coordinates of ROP and
four vertexes, the grid is divided into four small parts (orange,
yellow, green, purple) and the areas of these small parts are
calculated easily. The weight of a vertex is the ratio of the opposite
small part's area to the whole area, the dose value of the point is
the result of weighted summation. The closer the distance be-
tween the point and a vertex, the bigger the opposite small part's
area, the greater the weight of the vertex to the point. The tra-
jectory (red curve) of the ROP is divided into many points (blue
circles) at regular intervals, the dose values of these points are
calculated by the above bilinear interpolation algorithm. The for-
mula of dose assessment based on bilinear interpolation is
expressed as shown below:

dose0ðx; yÞ¼ area3
area

�dose1þ area4
area

�dose2þ area1
area

� dose3

þ area2
area

� dose4

(3)

where dose0ðx; yÞ is the dose of the point (x, y), area is the whole
area of the grid.
5.2. Dose optimization based on trajectory

Trajectory is defined as a set of sequential points on the motion
curve of a ROP. According to the trajectory of ROP and environment
model (navigation model and radiation field), a lot of information
can be obtained, such as position, task description, task duration,



Fig. 6. Illustration of dose assessment based on point.
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accumulated dose vs time, dose rate at a location, and dose rate per
trajectory.

Dose optimization based on trajectory is one way of radiation
harm reduction. The navigation model is the basis of trajectory
optimization, the trajectory consists of several end to end seg-
ments. In this paper, theminimumdose path searching algorithm is
used to search the least dose path in the two-dimensional radiation
field. The cumulative dose from start point 0 to point n in the
navigation model is expressed as shown below:

GðnÞ¼
Xn�1

k¼1

ðRkði; jÞþRkþ1ði; jÞÞ� l� xk
2�v (4)

xk¼
�
1:4; if path P is diagonal in grid k;
1; otherwise:

(5)

where, k is the number of grids, v is the moving speed, l is the side
length of a grid, dose at point (??, ??) is represented by Rði; jÞ.

Fig. 7 presents an example of the minimum dose searching
method in grid model. Definition: Open list is a determined set of
optimal path points; Closed list is a non-determined set of optimal
path points. The dose values of four points at the beginning are
A ¼ 0, B ¼ 4, C ¼ 6, D ¼ ∞.

Step 1: select A as the start point, Open ¼ <A>, optimal path A-
> A. Closed ¼ <B, C, D>,A- > B ¼ 4 (the dose from A to B is 4),A-
> C ¼ 6, so A- > B is the optimal path, select B as the next point,
record B¼ 4 and C¼ 6, the dose from A to B is 4, the dose from A
to C is 6.
Fig. 7. An example of the minimum dose searchin
Step 2: Open ¼ <A, B>. Closed ¼ <C, D>,A- > B- > C ¼ 5 and A-
> C¼ 6. So, optimal path is A- > B- > C,select C as the next point,
record C ¼ 5.
Step 3: Open ¼ <A, B, C>. Closed ¼ <D>,A- > B- > C- > D ¼ 12
and A- > B- > D ¼ 13. So, A- > B- > C- > D is the optimal path,
record D ¼ 12.
Step 4: Closed list is null, algorithm ends, the minimum dose
path is A- > B- > C- > D and the minimum dose is 12.

6. Simulation test and results

To prove that the environment model for dose assessment and
dose optimization is effective, we developed a virtual simulation
platform for DA&DO and designed a simulation test.

In Fig. 8, the flow of the simulation test is presented. The
simulation test was finished on the virtual simulation platform,
which contains radioactive data field, virtual scene and a virtual
person with bone animation. We built six different radiation field
models from the same radioactive data field, radiation field 1e5 are
two-dimensional radioactive data fields at different heights, three-
dimensional radioactive space is denoted as radiation field 6.
Through dose optimization based on trajectory, five minimum dose
paths from five radiation fields are obtained for a same target. The
cumulative dose values of five paths in radiation field 1e5 are
calculated by dose assessment based on point. The cumulative dose
values are obtained for a same path in radiation field 1e6. Five
“minimum dose” paths for the same target in radiation field 1e5
are obtained, but only one minimum path among them is the most
credible. In radiation field 6, voxel-based external exposure dose
assessment (VDA) is used as a reference. Through the comparison
results of dose assessment and dose optimization in different
g algorithm in grid-based navigation model.



Fig. 10. Minimum dose paths from 5 different radiation fields. A: Path 1 is obtained
from the radiation field coupling model (Field 1); B: Path 2 is obtained from radiation
field at 0.4 m height (Field 2); C: Path 3 is obtained from radiation field at 1.2 m height
(Field 3); D: Path 4 is obtained from radiation field at 1.5 m height (Field 4); E: Path 5 is
obtained from radiation field at 1.7 m height (Field 5).

Fig. 9. Top view of a hypothetical scene. A: a virtual person is located on the left side of
the scene; target is located at right upper corner; six radiation sources are located at
different positions. B: environment grid, black grid represents obstacle and white grid
represents free grid.

Fig. 8. Flow of simulation test.
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radiation field models, the influences of MGEM to DA&DO are
discussed.

The purpose of this research is to design an environment model
for dose optimization and dose assessment. Voxel-based virtual
human provides accurate external exposure assessment, which
needs exhaustive three-dimensional radioactive data field. The
three-dimensional radiation data field is not suitable for dose
optimization. But dose assessment based on trajectory depends on
the environment model by using the reducing dimension of data.
So, radiation field coupling model is necessary for dose optimiza-
tion, and three-dimensional radioactive data field contributes to
dose assessment. Dose assessment and dose optimization need
different environment model.

6.1. Environment modeling

In this test, a hypothetical 3D scene is established, radiation
sources and shields are configured, and a virtual person is located in
the scene, as shown in Fig. 9(A). Fig. 9(B) shows the grid environ-
ment model for this scene, the black grids are obstacle and the
white grids are free, radiation fields in 3D space are calculated by
point kernel integral method. The radiation data field is in 3D space
is uniformly distributed, we build the coupled radiation field (Field
1) by MGEM, select four radiation field (Field 2e5) in different
heights and three-dimensional radiation field (Field 6).

In this simulation, I adopted the point-kernel shielding calcu-
lation program developed by us, for providing the data of the three-
dimensional radiation field. The program has a function of 3D
geometrical processing, the input data of the program is source
intensity, radioactive nuclide, and shielding material, and the
output is data of radiation field. Exposure dose is calculated by the
dose assessment method in the paper [8].

6.2. Simulation results

In the above three-dimensional scene, a trajectory from the
initial position to the target position is planned for a ROP to mini-
mize the external exposure dose, Path 1e5 are obtained in Field
1e5 by minimum dose path search method, as shown in Fig. 10.
Field 6 (three-dimensional radiation space) is used to provide a



Fig. 11. Virtual person walks along Path 1 accompanying dose assessment in Field 1.
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more accurate dose assessment to a virtual person, not for trajec-
tory optimization. When the virtual person walks along these
minimum dose paths respectively, dose assessment is accompanied
in these radiation fields, the interval time of dose assessment is
0.5s, as shown in Fig. 11. Fig. 12 presents the instant dose values
from dose assessments in six radiation field.

Table 1 gives the cumulative dose value of all paths in different
radiation fields. Table 2 gives the relative error to VDA.

6.3. Influence on dose assessment

From Fig. 10, we can see the radiation fields at different heights
Fig. 12. Instant dose assessment of different p
have different visualizations, and dose values in different radiation
fields are different. According to Table 2, the dose value in the
coupled radiation field (Field 1) closes to the dose value from VDA.
Dose assessment in different radiation fields are different, cumu-
lative dose values of all paths in the Field 1 have less 6% relative
errors to VDA. According to these unstable relative errors in Field
2e5, it is concluded that dose assessment based on radiation field
at a certain height is inaccurate and unreasonable. Path 5 in Field 2
has the largest error 97.15% and Path 5 in Field 4 has the smallest
error 97.15%. It is concluded that dose assessment in the radiation
field coupling model is more credible and stable.

6.4. Influence on dose optimization

In Fig. 11, the environment model (navigation model and radi-
ation field coupling model) is suitable for representing and opti-
mizing trajectory in virtual environment. In Fig. 10, the minimum
dose paths in the different radiation fields of the same three-
dimensional scene are different, it is concluded that environment
model has a great influence on dose optimization based on tra-
jectory. Field 6 is a three-dimensional radiation space for the sce-
nario, so we take results of dose assessments in Field 6 as a set of
ath schemes in different radiation fields.



Table 1
Cumulative dose values of different path schemes in different radiation fields (red indicates the minimum dose in the same radiation field).

Path 1 (mSv) Path 2 (mSv) Path 3 (mSv) Path 4 (mSv) Path 5 (mSv)

Field 1 0.743 1.053 0.955 0.746 0.750
Field 2 0.758 0.587 0.716 0.921 1.438
Field 3 0.751 0.680 0.600 0.833 0.927
Field 4 0.753 1.133 1.036 0.724 0.726
Field 5 0.656 1.162 0.982 0.659 0.518
Field 6 0.704 1.003 0.916 0.734 0.730

Table 2
Relative errors of different path schemes to VDA in different radiation fields.

Path 1 Path 2 Path 3 Path 4 Path 5

Field 1 5.53% 4.89% 4.22% 1.59% 2.87%
Field 2 7.65% �41.48% �21.89% 25.45% 97.15%
Field 3 6.65% �32.23% �34.46% 13.53% 27.08%
Field 4 6.94% 12.92% 13.13% �1.40% �0.42%
Field 5 �6.81% 15.79% 7.19% �10.23% �29.01%
Field 6 0.00% 0.00% 0.00% 0.00% 0.00%
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standards.
In Table 1, the red cumulative dose values are the minimum

among these paths in the same radiation field, for example, Path 4
has theminimum dose among all the paths in Field 4, Path 1 has the
minimum dose in Field 6 (radiation field coupling model), Path 1
has the minimum dose among all the paths in Field 6 (three-
dimensional radiation space). So, radiation field coupling model is
successful for dose optimization based on trajectory.

According to the above analysis of influence on DA&DO, it is
concluded the radiation field at a certain height cannot provide an
accurate dose assessment, more serious is the failure in dose
optimization based on trajectory. The radiation field coupling
model is more credible for dose assessment and dose optimization.

Besides, it is concluded that the radiation field coupling model is
only designed for the standing posture of a ROP. The dose assess-
ment and dose optimization in preparation of work may have a
variance because the posture of a ROP is uncertain and unpredict-
able. Therefore, the works in this study are completed under the
ideal state (a ROP keeps standing posture), but the dose assessment
and dose optimization still have great significance in nuclear and
radiation safety.

7. Conclusion

In this paper, we proposed a multi-layer grid environment
model, and then explored the influence of environment model on
DA&DO. Considering the radiation effects at different heights on
the human body, a multi-layer radiation field coupling model is
designed. Radioactive data field and navigation model are com-
bined to form an environment model for nuclear facilities. Dose
assessment based on point and dose optimization based on tra-
jectory are addressed based on the environment model. Experi-
mental simulation results show that the multi-layer radiation field
coupling model is more reasonable and credible for DA&DO than
the radiation field at a certain height.
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