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HIGHLIGHTS

® A novel source localization approach implemented by a UAV radiation detection instrument was proposed.

® Critical factors of the localization algorithm which could affect the localization accuracy were studied and discussed.
o Different experimental scenes such as the source on the grass, next to a tree, or in a puddle were applied and studied.
® A best result of 30 cm distance error was obtained in 0.1's after a survey flight of 5 min within a 10 X 10 m? range.

ARTICLE INFO ABSTRACT

Locating lost radioactive sources quickly, precisely, and safely is very important in emergency responses of lost
radioactive source accidents. This paper describes a source localization approach using an independently de-
veloped unmanned aerial vehicle (UAV) radiation monitoring system, which uses a specialized source locali-
zation algorithm. Once a radiation anomaly spot is found on the ground, an L x L (m?) square area around the
anomaly spot defined as suspicious region is selected to perform an accurate source localization. Then, the UAV
radiation monitoring instrument is dispatched to hover at some scheduled detection positions within the sus-
picious region for radiation measurements. After the last hover finished, the actual source position is calculated
by the source localization algorithm program in real time. The source localization algorithm was developed on
the basis of the inverse-square law and statistical methods. Five critical factors of the algorithm that may lead to
errors in localization such as the meshing number in calculations, the size of the suspicious region, the number of
the detection positions, the distribution of the detection positions, and the coverage range of the detection
positions were studied by using measurement data from Monte Carlo simulations. Subsequently, the approach
was experimentally verified for a 3.7 X 10”7 Bq ' source localization. Three experimental scenes were applied
such as the source on the grass, next to a tree, and in a puddle. Different distributions of the detection positions
and different numbers of the detection positions were studied. The best localization distance error was 30 cm
within a 10 x 10 m? suspicious region, and the calculation time was not more than 0.1s after a total survey
flight of 5min.
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1. Introduction Localization of the lost sources as soon as possible by some mobile

surveys will reduce the risk of radiation harm to the public. Compared

A total of 253 radiation accidents occurred in China from 2004 to
2015. According to the Ministry of Environmental Protection of the
PRC, 77.9% of these accidents were related to lost or stolen radioactive
sources. Most of the lost sources were used in level gauges, densit-
ometers, and flaw detectors, and the maximum activity of the lost
sources was more than 3.7 x 10'' Bq, which is quite dangerous.

to other mobile surveys such as handheld, vehicle mounted, or human
piloted, surveys by unmanned aerial vehicle (UAV) radiation mon-
itoring systems can be conducted remotely; this can remove the possi-
bility of endangering survey workers within high-dose radiation en-
vironments.

A variety of UAV designs have been developed for radiation
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Table 1
Main physical and technical characteristics of the RotorRAD.
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Characteristics Value

System mass
Dose rate range
vy rays' energy range

< 15kg
0.1 uSv/h to 100 mSv/h
20keV to 3 MeV

Energy resolution at 662 keV <7%
Duration of flight ~30min
Maximum transmission distance 5km

Operating temperature —20°Cto +40 °C

600

500

Fig. 2. Schematic of source localization. The detection positions are indicated
by the solid blue squares. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

surveying in previous studies, including fixed-wing (Polldanen et al.,
2009), single-rotor (Sanada and Torii, 2015), and multirotor UAVs
(MacFarlane et al., 2014; Martin et al., 2015, 2016; Falciglia et al.,
2017; Salek et al., 2018). Among these aircrafts, multirotor UAVs that
fly at low speed and altitude are more suitable for localizing a specific
radioactive point source (Connor et al., 2016). At the same time, var-
ious types of gamma detectors are commonly employed in UAV radia-
tion monitoring systems, such as Geiger-Muller (GM) tubes (Kurvinen
et al., 2005), Nal detectors (Towler et al., 2012; Jerry et al., 2012;
Casanovas et al., 2014), CslI detectors (Han and Chen, 2014), LaBrs
detectors (Sanada and Torii, 2015; Huang et al., 2016), bismuth ger-
manate (BGO) detectors (Sélek et al., 2018), and cadmium zinc tell-
uride (CZT) detectors (Martin et al., 2015). A CZT detector provides a
high energy resolution, but its counting efficiency is relatively low
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Fig. 3. Schematic of meshing operations in the source localization algorithm:
(a) first meshing, (b) second meshing, (c¢) third meshing, and (d) calculation
finished. The green area is the suspicious region. Meshing number M = 5. The
red star indicates the calculated source position. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the Web version
of this article.)
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Fig. 4. MCNP model of the detector.

because of the limited volume of the CZT material, i.e., 1 cm® (Luke
et al., 2001). The cost of Nal detector is lower than other scintillators
and produces a greater photon brightness (Knoll, 2010). Therefore, it is
cost effective to use a Nal detector in a UAV radiation monitoring
system without a demand for high energy resolution.
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Fig. 5. Simulated spectra and the ROI selected: (a) *’Cs, (b) ®°Co, and (c) **'L.

Fig. 6. Distribution of the detection positions in Case 1. The detection positions
are indicated by the solid blue squares. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this
article.)

An efficient algorithm is the key for radioactive source localizations.
Most of the source localization algorithms are based on the inverse
square law and statistical methods. In previous works, four main types
of algorithms have been studied, namely nonlinear least squares esti-
mation algorithms (Howse et al., 2001), recursive Bayesian estimation
(RBE) algorithms (Brewer, 2009; Towler et al., 2012), maximum

likelihood estimation (MLE) algorithms (Gunatilaka et al., 2007;
Morelande et al., 2007), and difference of time-of-arrival (DTOA) al-
gorithms (Xu et al., 2010; Rao et al., 2015). Some other researchers
employed multiple detectors to locate a point source in two-dimen-
sional or three-dimensional spaces (Willis et al., 2014; Hanna et al.,
2015; Sharma et al., 2016).

In 2016, a UAV radiation monitoring system (RotorRAD) was de-
veloped by our group for radiation surveying and radioactive source
localization. A specific source localization algorithm programmed with
Visual Studio was applied to the system, and the performances of the
algorithm with different input variables were studied in this work by
simulation and experimental methods.

2. Materials and methods
2.1. Description of the RotorRAD radiation monitoring system

The picture of the RotorRAD radiation monitoring system is shown
in Fig. 1. The system consists of a multirotor (eight propellers) aerial
vehicle and an integrated detection payload, which consists of a
2” x 2” Nal(Tl) scintillation detector (model 905-3, ORTEC) with a
multichannel analyzer (MCA), a GM detector (model 7807, LND), a
GPS, a RF antenna, a power controller, an embedded controller, and a
Windows Mini PC board. The usage of a Nal(T1) detector is cost effec-
tive compared with other detectors used in UAV radiation detection
systems such as LaBr3, CZT, and BGO at the same detection efficiency.
The NalI(T1) scintillation detector employed here can measure y energy
range from 20 keV to 3 MeV, which covers most of the common artifi-
cial radioactive nuclides. The pulse signals of the detector during
measurements are analyzed using a 1024-channel MCA to produce a
spectrum for source localization calculations. Because the RotorRAD
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Fig. 8. Schematic of Case 2: changing the size of the suspicious region.

Fig. 9. Distribution of the detection positions in Case 3. The detection positions
are indicated by the blue squares. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

radiation monitoring system can also be used for dose rate monitoring,
a GM detector is built in for high dose rate measurements and functions
when the Nal(Tl) detector does not respond properly in some strong
radiation environments.

Two 22000-mAh lithium cells are mounted on the vehicle. The
duration of each survey flight is approximately 30 min. The batteries
should be changed before starting another flight. During each flight, the
dose rates, gamma spectra, GPS positions, and other collected data are
stored locally in the instrument and concurrently transmitted to an on-
ground terminal for real-time analysis. Theoretically, the proposed
system can fly at altitudes above 100 m. However, near-surface flights
are usually implemented in practical surveys to increase the sensitivity

of radiation detections. The major characteristics of the RotorRAD are
listed in Table 1.

2.2. Radioactive source localization algorithm

A wide range of radiation surveys are usually performed after a lost
radioactive source accident is reported. When a radioactive anomaly is
found at a search spot, which indicates the possible presence of the
source nearby, the RotorRAD can be used for a fast and accurate lo-
calization of the lost source. The routine procedure of the source lo-
calization using the RotorRAD is as follows. (a) The ground spot that
reports anomaly is set as the coordinate origin, and an L x L (m?)
square area that is centered at the origin in the ground plane is selected
as the suspicious region for the localization. (b) The RotorRAD is dis-
patched to fly over the suspicious region. (c) The RotorRAD hovers at N
scheduled detection positions and acquires and transmits gamma
spectra data from the detector to the on-ground terminal. (d) The
source position is calculated by a computer program using the locali-
zation algorithm. Fig. 2 shows the schematic diagram of the procedure.

Assume that the actual position of the lost source in the ground
plane is known as shown in Fig. 2. For simplicity, we also assume that
no gamma ray attenuation by the air occurs between the source and the
detector. According to basic radiation detection theory (Knoll, 2010),
the count rate in the full-energy peak of the spectrum at each detection
position is as follows:
ne = Af =12, ..

€p, N

2 ok
47n? 1)
where ny is the background subtracted count rate under the full-energy
peak in the spectrum at each detection position, A is the activity of the
source, f is the decay fraction of the total disintegration in which the
measured gamma ray is emitted, a is the effective sensitive area of the
detector toward the source, r; is the source-to-detector distance at each
detection position, and ¢p is the intrinsic peak efficiency.
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Fig. 10. Distributions of the detection positions in Case 4. The XY projections of the detection positions were in (a) quadrants of 3-4, (b) quadrants of 1-4, (c)
quadrants of 3, and (d) quadrants of 1-2-3-4. The detection positions and their XY projections are indicated by the solid blue squares and the hollow blue squares,
respectively. The actual source position is indicated by the solid red star. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

Coverage range 1
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Coverage range 3
Coverage range 4
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Fig. 11. Distributions of the detection positions with different coverage ranges
in Case 5. The detection positions are indicated by the colored symbols. The
actual source position is indicated by the solid red star. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)

a
mn? = Af—ep, k=12, ..,N
KTk f47TP @

In Eq. (2), the activity A of the source may be regarded as a constant
because the localization time is usually much shorter than the half-life

of the source. Thus, n;r? remains unchanged because the other para-
meters f, a, and ¢ are also constant during the localization process.
Theoretically, the standard deviation of N n,r? values would be zero if
the detection uncertainties are negligible, that is,

o(mri, mri,..nyry) = 0 3

In a real situation, the actual source position is unknown, and any
position in the ground plane may be calculated to generate a o of n, r?
values. From these positions, the closer the o is to zero, the closer is the
position to the actual source position.

As the final step of the source localization procedure mentioned
above, the L X L (m?) suspicious region is first meshed by M x M
square cells as shown in Fig. 3(a). M is the meshing number, and here,
let M = 5 for illustrations in Fig. 3. Then, the geometric center of every
cell, (x;, 31, 0), (i =1,2,..,M?), is regarded as a test position. Total M?
test positions are considered in the first meshing. If the coordinate of
the k-th detection position that corresponds to the count rate ny is
(X, Yi» Z), the square of a distance from the i-th test position (x;, y,, 0)
to the k-th detection position (xi, Yy, i) is

ri = Gox = %)% + Oy = %) + 20’ k=12, N ©)]
There are N 12 followed by a standard deviation

a,(m 1, nyrd,....nyra) corresponding to each test position (x;, ), 0).
After the calculations of all ¢; for M? test positions, the minimum M o
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Fig. 12. Scenes of the experimental field.
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Fig. 13. (a) 10-min background spectrum; (b) 10-s **'I spectrum.

values are stored in array S;, and the corresponding M cells are selected
for the second meshing operation, that is, the five yellow cells in
Fig. 3(a). The selected cells are then meshed by M X M smaller cells
separately, thus generating M> new test positions as shown in Fig. 3(b).
a; is calculated at each test position. The minimum M o values are stored
in array S,, and the corresponding M cells are selected for the third
meshing operation, that is, the five red cells in Fig. 3(c), thereby gen-
erating M*® new test positions. Meshing operations are repeated to
produce arrays Ss, Sy, ..., Sn.1, Si in succession until S, = S,_;, and the
test position in S, with minimum o is recorded as the actual source
position, which is shown by the red star in Fig. 3(d). This source lo-
calization algorithm was programmed using Visual Studio and suc-
cessfully implemented.

2.3. Method of simulation research

The positioning accuracy of the source and the calculation time
using the source localization algorithm are influenced by some factors
such as the meshing number M, the length of the suspicious region L,
the number of the detection positions N, the distribution of the

detection positions, and the coverage range of the detection positions.
The performances of the source localization algorithm in five different
cases corresponding to the abovementioned affecting factors were stu-
died by simulation methods.

As a useful Monte Carlo simulation tool, MCNP (Brown, 2003; Gong
et al., 2014) was used to simulate the gamma spectra response of the
RotorRAD and produce the count rate data n; for source-positioning
calculations in different cases. A 2” x 2” Nal(T1) scintillation detector
was modeled in the MCNP using the same specifications as the Ro-
torRAD detector (see Fig. 4 for detail). The materials and dimension
data of the detector were provided by the detector manufacturer. The
detector was surrounded by air, and a point source was modeled in the
MCNP. '¥7Cs was used in cases 1 to 4, while °°Co and *3'I were used in
case 5 in addition to 1*7Cs. Simulation results showed that the activity
of each type of source was 1 x 10° Bq. Furthermore, the time of mea-
surement at every detection position in all the cases was assumed as
10s. Fig. 5 shows the simulated spectra of 187¢s, ©9Co, 31, and the
regions of interest (ROI) selected.
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Fig. 14. Distributions of the detection positions in Scenes A and B. The XY projections of the detection positions were in (a) quadrants of 1-2, (b) quadrants of 2-3, (c)
quadrants of 3-4, and (d) quadrants of 1-2-3-4. The detection positions and their XY projections are indicated by the solid blue squares and hollow blue squares,
respectively. The actual source position is indicated by the solid red star. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

2.3.1. Case 1: Changing the meshing number M

In this case, the source positioning errors and the calculation time
with different meshing numbers M, which dictates the number of the
meshed cells in every meshing operation, were studied. The suspicious
region was set to 10 X 10 m?. The coordinate of the actual source was
set to (0,0,0) cm. Five detection positions over the suspicious region at
an altitude of 5m were distributed as shown in Fig. 6. Nine situations
were studied, where M was set to 2, 3, 4, 5, 6, 7, 8, 9, and 10 as shown
in Fig. 7.

2.3.2. Case 2: Changing the size of the suspicious region

In this case, the source positioning errors and the calculation time
with different suspicious region sizes were studied. The coordinate of
the actual source was set to (0,0,0) cm, the detection positions were the
same as in Fig. 6, and the meshing number M was set to 5. Eight si-
tuations were studied, where the length of suspicious region L was set to
1, 3, 6, 10, 20, 50, 80, and 100 m as shown in Fig. 8.

2.3.3. Case 3: Changing the number of the detection positions

In this case, the source positioning errors with different numbers of
the detection positions were studied. The suspicious region was set to
10 x 10 (m?), and the meshing number M was set to 5. The coordinate
of the actual source was set to (0,0,0) cm, and the 17 detection positions
used in case 3 were distributed as shown in Fig. 9 at an altitude of 5m.
Eight situations were studied, and the number of the detection positions
were 3, 4, 5, 6,7, 8,9, and 10. For each number of the detection po-
sitions, four different position combinations were randomly selected

from 17 positions, and the corresponding source positioning results
were averaged.

2.3.4. Case 4: Changing the distribution of the detection positions

In this case, the source positioning errors with different distribu-
tions of the detection positions were studied. The suspicious region was
set to 10 x 10 (m?), and the meshing number M was set to 5. The co-
ordinate of the actual source was set to (0,0,0) cm. Four kinds of dis-
tributions of the detection positions over the suspicious region were
selected at an altitude of 5m to implement source positioning calcu-
lations. The XY projections of the detection positions in these four
distributions were in quadrants 3-4, 1-4, 3, and 1-2-3-4 in the XY
plane, as shown in Fig. 10.

2.3.5. Case 5: Changing the coverage range of the detection positions

The distance between the actual source and the detection positions
increases when an enlarged coverage range of the detection positions
with a high altitude is implemented. The inverse-square effect and high
gamma ray attenuation by the air with longer distance will decline the
count rates of the detector, which means more statistics fluctuations
and less precision of measurements. To evaluate the impact on the
accuracy of source positioning under this situation, the source posi-
tioning errors with different coverage ranges of the detection positions
were studied. In addition to '%’Cs, ®°Co and '*'I were simulated con-
sidering different attenuation effects at different gamma energies. The
suspicious region was set to 10 X 10 (m?), and the meshing number M
was set to 5. The coordinate of the actual source was set to (0,0,0) cm.
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Fig. 15. Distributions of the detection positions in Scene C. The XY projections of the detection positions were in (a) quadrants of 1-2, (b) quadrants of 2-3, (c)
quadrants of 3-4, and (d) quadrants of 1-2-3-4. The detection positions and their XY projections are indicated by the solid blue squares and hollow blue squares,
respectively. The actual source position is indicated by the solid red star. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

Table 2
Coordinates of the detection positions relative to the actual source position in
the experiment of Scenes A and B. DP represents the detection position.

DP x (cm) y (cm) z (cm) DP x (cm) y (cm) 2z (cm)

1 350 50 70 6 —200 150 70

2 300 300 70 7 —250 —250 70

3 50 400 70 8 —-100 —400 70

4 —400 400 70 9 200 —-350 70

5 —350 100 70 10 100 —200 70
Table 3

Coordinates of the detection positions relative to the actual source position in
the experiment of Scene C. DP represents the detection position.

DP x (cm) y (cm) z (cm) DP x (cm) y (cm) 2 (cm)
1 —-350 100 70 6 400 100 70
2 —200 250 70 7 —300 -50 70
3 -50 300 70 8 —200 —-350 70
4 100 250 70 9 150 —-200 70
5 400 400 70 10 400 —-300 70

Seven combinations of detection positions with different coverage
ranges from 0.2 x 0.2m? to 160 x 160 m? at altitudes from 0.1 m to
80 m were studied. The distributions of the detection positions used in
Case 5 are shown in Fig. 11.

2.4. Method of experimental research

An '3 source of activity 3.7 x 107 Bq was used to verify the va-
lidity of the proposed source localization algorithm. Three different
experimental scenes were performed in the campus of Nanjing
University of Aeronautics and Astronautics. As shown in Fig. 12, the
first scene (Scene A) is locating a source placed on the grass, the second
scene (Scene B) is locating a source placed next to a tree, and the third
scene (Scene C) is locating a source placed in a puddle. Before experi-
ments, a 10-min background spectrum was measured at an altitude of
0.7m above the experimental field without any radioactive source
around using the RotorRAD radiation monitoring system. Fig. 13 shows
the acquired background spectrum and one of the *3I spectra. The net
count rates n;, of all the detection positions in Scene A were between 81
cps and 323 cps, and similar count levels were acquired in Scenes B and
C.

For each scene, the experimental procedures were carried out as
follows. (a) The source was placed in the scene spot. (b) The position of
the source was considered as the coordinate origin (0,0,0) cm. (c) A
10 X 10 (m?) suspicious region centered on (0,0,0) and a meshing
number of M =5 were set. (d) The RotorRAD radiation monitoring
system was set to hover at some detection positions with an altitude of
0.7 m within the suspicious region. (e) A background subtracted 10-s
gamma spectrum was acquired for each detection position and used to
calculate the count rate data n;. (f) The source position was calculated
automatically by the localization software after the last detection
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finished. For each scene, four distributions of the detection positions
were studied. The XY projections of the detection positions in these
distributions were in quadrants 1-2, 2-3, 3-4, and 1-2-3-4 in the XY
plane, as shown in Fig. 14 (Scenes A and B) and Fig. 15 (Scene C). The
coordinate of the tree (Scene B) was (0,-50,0) cm.

For each scene, different numbers of the detection positions were
also studied. Ten detection positions were performed, of which 5, 6, 7,
8, 9, 10 detection positions were used to calculate the positions of the
source. The coordinates of the 10 detection positions are listed in
Table 2 (Scenes A and B) and Table 3 (Scene C).

3. Results and discussion
3.1. Simulation results

Fig. 16 shows the results of the source positioning errors and the
calculation time with different meshing numbers M in simulation re-
search Case 1. The source positioning errors (cm) represent the dis-
tances between the actual source position and the calculated source
positions obtained by the localization algorithm. Fig. 16(a) shows that
the source positioning errors decreased rapidly from 52 cm to 15 cm as



P. Gong, et al.

Applied Radiation and Isotopes 150 (2019) 1-13

(a) (b) Fig. 19. Calculated source positions with
500 . . . 500 : : different distributions of the detection posi-
tions. The detection positions were (a) fo-
cused on one side of the Y axis, (b) focused
250 i 250 1 on one side of the X axis, (c) focused on one
O side of the X axis and one side of the Y axis,
— o || and (d) dispersed around the source. The XY
E/ 0- % i E’, 0- Y ¥ ] projections of the detection positions are
>~ 0O S~ indicated by the blue squares. The actual
source position is indicated by the solid red
22504 O J 2250 O o i star, and the calculated source position is
O O indicated by the hollow red star. (For in-
terpretation of the references to color in this
500 . . . 500 . . figure legend, the reader is referred to the
-500 250 0 250 500 -500 -250 0 250 500  Web version of this article.)
X (cm) X (cm)
(c) (d)
500 T T T 500 T T
250+ R 2504 = O R
e " e
L 04 * 1 & o0 e ;
e o0 > O
O O
250 0 250
-500 T r T -500 T T T
-500 -250 0 250 500 =500 -250 0 250 500
X (cm) X (cm)
- 1000 T T T T T as the length of the suspicious region L changed from 1 m to 100 m, and
g —=— 1-131(0.364MeV) the calculation time fluctuated from 80 ms to 140 ms. The largest L
T 8004 |—e—Cs-137(0.662MeV) . should be selected considering the maximum detectable distance of the
e —a— Co-60(1.17MeV) target source for localization efficiency because the size of the suspi-
o 6004 [=¥—Co-60(1.33MeV) i cious region has no effect on source positioning accuracy and negligible
g) impact on calculation time.
‘= Fig. 18 shows the results of the source positioning errors and the
-8 400+ 1 calculation time with different numbers of detection positions N in si-
'g mulation research Case 3. The positioning errors continuously de-
Q4 200 1 creased from 130.6cm to 12.9cm as the N increased from 3 to 10.
5 Furthermore, the calculation time fluctuated between 40 ms and 90 ms;
8 0- 1 this indicates that more detection positions should be implemented to
2 achieve adequate positioning accuracy without the need for considering
0 40 0 120 160 the additional calculation time consumption.

Length of cover range of the detection positions (m)

Fig. 20. Source positioning errors with different coverage ranges of the de-
tection positions.

M increased from 2 to 5, and the errors remained stable as M con-
tinuously increased to 10. Theoretically, the finer the cells are meshed
in every meshing operation, the more accurate the source position
obtained will be. However, the minimum distance between the source
position and the detection positions limited by the flight height, which
was about 5m in Case 1, determined a floor of the positioning errors. As
shown in Fig. 16(b), the calculation time of the localization increased
from 23 ms to 1234 ms as M increased from 2 to 10. Therefore, M was
appropriately set to 5, thereby achieving an efficient positioning pre-
cision in the least possible calculation time under similar detection
conditions as in Case 1.

Fig. 17 shows the results of the source positioning errors and the
calculation time with different suspicious region sizes in simulation
research Case 2. The source positioning errors were constant at 15 cm
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Fig. 19 shows the results of the calculated source positions with
different distributions of the detection positions in simulation research
Case 4. For distribution (1) in Fig. 19(a), the detection positions were
dispersed on both sides of the Y axis and focused on one side of the X
axis, resulting in 12 cm of X error and 64 cm of Y error. For distribution
(2) in Fig. 19(b), the detection positions were dispersed on both sides of
the X axis and focused on one side of the Y axis, resulting in 76 cm of X
error and 14 cm of Y error. For distribution (3) in Fig. 19(c), the de-
tection positions were focused on one side of the X axis and one side of
the Y axis, resulting in 167 cm of X error and 153 cm of Y error. For
distribution (4) in Fig. 19(d), the detection positions were dispersed on
both sides of the X axis and both sides of the Y axis, resulting in 6 cm of
X error and 3 cm of Y error. Keeping the source in the coverage range of
the detection positions will result in a more accurate calculated source
position. As the actual source position is unknown before the detec-
tions, dispersing the detection positions around the suspicious region
selected will help in increasing the probability of covering the actual
source by the detection positions and increase the accuracy of the
source positioning calculations. Furthermore, once a positioning result
shows that the calculated source position is out of the coverage region
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Fig. 21. Calculated source positions with
different distributions of the detection posi-
tions in Scene A. The detection positions
were (a—c) focused on one side of the X axis
or the Y axis and (d) dispersed around the
source. The XY projections of the detection
positions are indicated by the blue squares.
The actual source position is indicated by
the solid red star, and the calculated source
position is indicated by the hollow red star.
(For interpretation of the references to color
in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 22. Calculated source positions with
different distributions of the detection po-
sitions in Scene B. The detection positions
were dispersed (a) on the opposite side of
the source from the tree, (b) on one side of
the source and the tree, (¢) on the same side
of the source and the tree, and (d) around
the source and the tree. The XY projections
of the detection positions are indicated by
the blue squares. The actual source position
is indicated by the solid red star, and the
calculated source position is indicated by
the hollow red star. The green ball shows
the position of the tree. (For interpretation
of the references to color in this figure le-
gend, the reader is referred to the Web
version of this article.)
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(a) (b) Fig. 23. Calculated source positions with
500 . : . 500 . . different distributions of the detection po-
sitions in Scene C. The detection positions
0O were (a—c) focused on one side of the X axis
250 O O 4 250 O 1 or the Y axis and (d) dispersed around the
e source. The XY projections of the detection
E O 'é\ [S?_ﬁ]r positions are indicated by the blue squares.
S 0 e 1 8 o * N The actual source position is indicated by
N > O the solid red star, and the calculated source
position is indicated by the hollow red star.
2250 ] 2250 i (For interpretation of the references to color
0 in this figure legend, the reader is referred
to the Web version of this article.)
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’é\ 600 R 3.2. Experimental results
° —a&— Scene A
— e Scene B First, different distributions of the detection positions in three ex-
g 500+ Scaiie C ) perimental scenes were studied. Fig. 21 shows the results of the cal-
o culated source positions with different distributions of the detection
o) 400+ ] positions in Scene A (*3'I placed on the grass). Fig. 21(d) in which the
g detection positions were dispersed around the source shows a higher
g 300 T localization accuracy (distance error of 51 cm) than the other three
B distributions. These results are consistent with the results in simulation
8 200 - 7 research Case 4.
o —0 Fig. 22 shows the results of the calculated source positions with
8 100 - 7 different distributions of the detection positions in Scene B (**'I placed
‘5‘ —— g next to a tree). Fig. 22(d) in which the detection positions were dis-
(2 0+ 7 persed around the source does not show the best localization accuracy.
T T T T T T T T The highest localization accuracy (distance error of 30 cm) is shown in
2 3 4 5 6 7 8 9 10 11

Number of the detection positions N

Fig. 24. Source positioning errors in distance with different numbers of de-
tection positions.

of the detection positions, more detection positions should be applied to
cover the calculated position and increase the positioning accuracy.
Fig. 20 shows the results of the source positioning errors with dif-
ferent coverage ranges of the detection positions in simulation research
Case 5. The source positioning errors increased rapidly with the ex-
tension of the coverage range of the detection positions for all kinds of
sources. The errors of the 1.33-MeV gamma ray were relatively smaller
than those of the others because 1.33-MeV gamma ray has relatively
smaller attenuation efficiencies. A 40 x 40 m? coverage range of the
detection positions with 30cm of source positioning error is re-
commended under similar detection conditions as in Case 5.
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Fig. 22(a) in which all the detection positions were dispersed above the
X axis. This is because the y rays emitted from the source were partly
shielded by the nearby tree, and the distribution, as shown in Fig. 22(a),
that was on the opposite side of the source from the tree was less af-
fected than the other three situations. When trees, buildings, or some
big obstacles are present in the suspicious region, arranging the de-
tection positions on one side of the obstacles will improve the locali-
zation accuracy.

Fig. 23 shows the results of the calculated source positions with
different distributions of the detection positions in Scene C (**'I placed
in a puddle). Fig. 23(d) in which the detection positions were dispersed
around the source shows the highest localization accuracy (distance
error of 53 cm) among all distributions. These results are consistent
with the simulation results in Case 4 and the experimental results in
Scene A.

Then, different numbers of the detection positions were studied for
each of the three experimental scenes, and the results are shown in
Fig. 24. The positioning errors in Scene C decreased rapidly from
566 cm to 69 cm as the number of detection positions N increased from



P. Gong, et al.

3 to 5 and then decreased to 28 cm when N increased to 10. The po-
sitioning errors in Scene A decreased slowly from 96 cm to 30 cm when
N increased to 5 and then decreased slowly to 24 cm when the N in-
creased to 10. At least five detection positions are supposed to be
scheduled to minimize the positioning error in real situations, and more
detection positions will promote the accuracy to some extent; this is
consistent with the simulation results. However, in Scene B the posi-
tioning errors were at a relatively high level (141-230cm), and no
obvious trend appeared as the N increased because of the shielding
effects from the tree aside the source.

4. Conclusions

The simulation and experimental results indicate that the algorithm
developed in this work for locating a lost radioactive source using a
UAV radiation monitoring system is feasible. In the experimental
scenes, a best localization distance error of 30 cm was retained by this
algorithm using our UAV radiation monitoring system, for a 3.7 x 107-
Bq '3 source when applied to a suspicious region of 10 X 10 (m?). The
calculation time is within 0.1s after a survey flight of 5min. An ob-
stacle like a tree influenced the positioning accuracy a lot. Arranging
the detection positions at one side of the obstacle will considerably
improve the positioning accuracy. Future works will be conducted to
improve the localization accuracy, including topographic count cor-
rection and multiple source localization by employing detectors with
higher energy resolution such as LaBrz or CZT detector.
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