
  

Abstract—This paper presents a novel scheme for the 

three-dimensional (3D) reconstruction of radiation source 

distribution by using multiple viewpoint of detector. Detecting 

and localizing radiation source are required for nuclear safety, 

security, and surveillance when considering exposure to 

radiation. In such cases, 3D reconstructed information would 

greatly contribute to a better understanding of the spatial 

relation between radiation sources and a surrounding 

environment. Considering contamination of radiation for 

human, we used a mobile robot equipped with a detector 

because it is suitable to measure a radiation in multiple 

viewpoint. We assume that trajectory of the mobile robot with 

the detector (i.e., pose of the detector) is estimated by 

simultaneous localization and mapping (SLAM) scheme. 

Therefore, 3D radiation source distribution can be 

reconstructed by utilizing maximum likelihood expectation 

maximization (MLEM) method, which performs optimization 

based on all measured data and estimated detector poses. The 

result of the simulation experiment demonstrated that the 

proposed framework can accurately perform 3D reconstruction 

of radiation image in the indoor environment.  

I. INTRODUCTION 

Detecting and localizing radiation sources are important 
abilities for nuclear safety and security. Generally, a radiation 
detector is employed to comprehend of radiation sources 
distribution in the field. By measuring radiation emitted from 
radiation sources, radiation image system, which defines the 
distribution of radiation source, is applied in those fields of 
nuclear material and surveillance of nuclear weapon attack. 
Moreover, radiation image system is required in the 
decommissioning of Fukushima Daiichi nuclear power plant 
which had an accident in 2011 for understanding of 
contaminated area. Understanding of contaminated area is 
related to decontamination task of the environment that is an 
urgent task in order to prevent the damage caused by exposure 
of radiation. Therefore, study of serving the radiation image, 
which is defined by the distribution of radiation source, is 
important. 

Several studies have been made on generating radiation 
image using a detector. Generally, combining radiation 
detector with additional sensors such as optical camera or LRF 
(laser rangefinder) which is able to measure a surrounding 
environment, visualization of 2D (two-dimensional) radiation 
image is available [1,2]. Moreover, it has been reported that 
2D radiation image system using a detector mounted on a 
helicopter was demonstrated in Fukushima area [3]. However, 
2D radiation image are limited in comprehend of locational 
relationship between sources and objects (i.e., the surrounding 

environment). Thus, it is very difficult to estimate accurate 
position of radiation source in case of using such 2D images.     

Jiang et al. developed a system using a detector mounted 
on helicopter with global positioning system (GPS) sensor to 
collect the data for decontamination of near Fukushima area. 
The system produces a radiation source distribution map 
overlay on the satellite image map by integrating 
measurement data and GPS information. However, generated 
2D radiation image is vulnerable to depth information, since 
the radiation source localization is constraint on the surface of 
the earth. Little attention has been given to the locational 
relationship that radiation sources which are located above or 
below the surface of the earth. Thus, 3D radiation image is the 
key to solving the estimating locational relationship between 
sources and objects. Moreover, Ohno et al. have been 
researched a system for estimating radiation distribution in 
Fukushima Daiichi nuclear power plant [4]. The system using 
a radiation detector mounted on a tracked vehicle, which is 
operated by remote control developed for an investigation of 
radiation source. This research also showed the 2D result of 
radiation imaging because, they put the constraint that the 
radiation source should be located on the surface on the 
obstacles that can be observed by the sensor which measures 
the surrounding environment. Thus, remained problem from 
the radiation imaging system using a tracked vehicle is quite 
similar to the problem from the above system using helicopter. 
However, these studies could not generate accurate image 
where the radiation source in unobservable environment, for 
example the sources which are located behind the wall. 

Very few attempts have been made at 3D radiation image 
system. In the centimeter scale of small environment, 3D 
reconstruction is capable with single viewpoint measurement 
[5]. On the other hand, in case of a large-scale environment, it 
is not able to reconstruct all the environment with only single 
viewpoint. In order to produce the 3D radiation image in large 
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Figure 1. Conceptual image of measuring of radiation source using a detector 
mounted on a mobile robot. 
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environment, it is important to obtain measurement data in 
multiple viewpoint. R. A. Haefner et al. proposed the 3D 
gamma-ray imaging system based on SLAM framework using 
hand-held gamma-ray detector [6]. They demonstrated that 
3D source distribution could give spatial information. 
However, this system requires the near-field observation of 
source around 1 m away from the detector and the source. 
Moreover, they used the hand-held detector, which ask a high 
risk for the observer being contaminated by radioactivity 
during observation. Therefore, we need to consider the actual 
applying of system in the contaminated area such as 
Fukushima Daiichi nuclear power plant.  

Our approach is to reconstruct the 3D distribution of the 
radiation source measured from a detector mounted on a 
mobile robot in multiple viewpoint in the indoor environment 
as shown in Fig. 1. First, the mobile robot observes the 
radiation source at the pose of observation 1. After the first 
observation is over, it moves to the other pose to measure and 
stop. The measured data are collected in this way and we 
assume that the data does not be collected when the mobile 
robot is moving. In respect to reconstruction process based on 
the obtained data from the radiation detector, maximum 
likelihood expectation maximization (MLEM) method, which 
is widely used in the medical field, is utilized. MLEM can 
estimate the more accurate position of radiation source in 
comparison with back-projection which is also the one of 
general reconstruction method [7,8]. MLEM estimates the 
position of radiation source by iterative calculation based on 
the measured data from the detector. In this proposed 
approach, we assumed that simultaneous localization and 
mapping (SLAM) scheme [9,10] produces trajectory of 
mobile robot that equipped with the detector.  

The reminder of this paper is organized as follows. 
Section II briefly introduces the principle of radiation 

detection and defines the state variables covered in this study. 
Section III describes the 3D reconstruction framework which 
is divided into SLAM and MLEM phases. Section IV 
discusses the effectiveness of the proposed 3D radiation 
imaging based on the experimental results. Finally, Section V 
presents the conclusions. 

II.  PRINCIPLE OF RADIATION DETECTION 

First of all, we will focus our attention on the definition of 
measured data of the detector. There are many kinds of 
radiation detector. Generally, the structure of the detector is 
consist of small detector elements in 2D array as shown in 
Fig. 2. As the measured data, each elements contains direction 
information. Because direction information contains a one 

degree of freedom (DoF) incident angle  of radiation to the 
detector, it is impossible to estimate accurate direction of 
radiation source. Thus, a relationship between the measured 
data set D and the 3D radiation image J which should be 
produced in this study can be defined as follows:  

)();()( jjii JTD                                 (1) 

where D(i) denotes all the measured data which contains 
direction information, the position of detector elements, and 
the number of measured radiation yi. Here, i is an index of the 
detector elements. J(j) is the result of 3D radiation image that 

contains intensity of radiation source denoted by j. 
Consequently, after the mobile robot moves around the 
environment to measure the radiation source, J(j) is calculated 
using the measured data D(i) and transform matrix T(i;j) = tij 
called as system matrix. The system matrix is defined by the 
geometric structure and physical interaction in the detector. 
The problem which we have to consider next is finding 
accurate the system matrix in order to get J(j) by solving the 
Eq. (1). However, it is impossible to estimate the accurate the 
system matrix since consideration of noise from detecting and 
randomness of emission from source are needed.  

The detector used for this work is a Compton camera 
which is known as light-weighted and small radiation detector. 
In the principle of the Compton camera shown in the Fig. 3, 
two arrays of detectors which are called scatterer array and 
absorber array, consist of scintillators. E1 and E2 are the energy 
losses of gamma-ray in two consecutive interaction at the 
position x1 on the scatterer array and x2 on the absorber array. 
Measurement data of the Compton camera consists with the 
two interactions x1 and x2 and the energy loss E1 and E2 of 
gamma-ray in each array. By calculating those data based on 
Compton scattering kinematics, the Compton scattering angle 

which is denoted  in the Fig. 3 is obtained.    

III. 3D RECONSTRUCTION  

Figure 4 shows overview of the proposed system to obtain 

3D radiation image from the reconstruction using the radiation 

detector mounted on the mobile robot. The process can be 

divided into two phases: SLAM and MLEM. First, SLAM 

phase performs to estimate map information and trajectory of 

the mobile robot based on wheel encoder and range data that 

measure the surrounding environment; so that each pose of 

multiple viewpoint can be determined. Next, During MLEM 

phase, all data list which are composed of detector poses and 

measurements of the detector 3D radiation imaging are used 

for optimization to reconstruct in order to obtain 3D   radiation 
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Figure 2. Conceptual image of the 3D reconstruction using measured data 

which is indexed i in all the measured data D. 
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image. The details of each phase are described in next 

subsections. 

A. Estimation of Detector poses by SLAM  

 Before reconstructing the 3D radiation image, each pose 
of the detector should be estimated in advance given that the 
number of incident radiation is decided by the geometrical 
relationship between the source and the detector. In this study, 
we use a detector mounted on a moving mobile robot to 
measure radiation in multiple viewpoint; thus, the appropriate 
pose estimation scheme for the mobile robot should be 
applied. Furthermore, in order to clearly grasp the positional 
relationship between the surrounding environment and the 3D 
radiation distribution, 3D environment model (i.e., map 
information) also should be built.  

Generally, these two problem, localization and mapping, 
cannot be solved independently. In this respect, we assume 
that SLAM scheme to estimate the pose of the mobile robot 
and the surrounding map information at the same time is 
utilized. Hence, the mobile robot pose and 3D map 
information can be estimated by integrating sensor data such 
as wheel encoder and LRF.  

B. 3D Reconstruction with MLEM method 

It was discussed in section II that the definition of 
measured data from the detector and the question that we have 
to solve. As described in Section II, The 3D radiation image 
J(j) can be solved by calculating Eq. (1) using measured data 
D(i) and the system matrix T(i;j). Basically, however, it is 
impossible to get the system matrix easily. The reconstructed 
image aims to be close to the real one. There are two types of 
reconstruction method. The basic scheme for the 
reconstruction is back-projection-based method. However, in 
general, the large part of reconstructed source distribution 
contains incorrect information in case of applying the 
back-projection-based method. For the reconstruction of 
radiation source distribution, MLEM-based optimization 
method is also can be used. MLEM is an iterative method for 
maximizing likelihood function which denotes the likeness of 
source distribution as follow:  
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where p(yi, J) is the probability that D(i) contains yi when the 

image J is estimated. Here, we can assume that the 

probability distribution p(yi, J) follows Poisson distribution 

as represented in Eq. (3). Yi denotes mean value, which can be 

written as follows: 
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where tij is the element of the system matrix T(i;j) and each 
element denotes the probability to detect data D(i) when the 
radiation emitted from the image J (j). Then, to find the image 
J that maximize Eq. (3) is solved by iterative EM algorithm, 
which has proven by Barret et al. and Parra and Barret [11,12] 
as follows:  
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where l = 1, 2, 3, … indicates iteration times.  

IV. EXPERIMENTS  

A. Reconstruction result on difference of distance 

This experiment was demonstrated for the imaging system 
applying MLEM method with the measured data from 
multiple observation viewpoints. The detector that we used in 
this experiment was a Compton camera, which has a 
lightweight and compact size of detector. The measured data 
consists with combination of incident detector elements and 
deposited energy, transformed in the incident angle. We used a 
Compton camera with one hundred of scintillators (10 × 10 × 
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Figure 4. Overview of proposed 3D radiation imaging system using a mobile robot equipped a radiation detector. 
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Figure 5. Experimental result of distance 2.5 m: (a) reconstruction result 
applying simple back projection and (b) reconstruction result applying 

MLEM of iteration 1. 



  

10 mm3) which were coupled to a 10 × 10 array as the scatterer 
and absorber. The error events such as back scattering events 
and multiple scattering which are not proper interaction cases 
with incident gamma-ray and the Compton camera should be 
excluded. In our experiment, we knew that the initial 
gamma-ray energy; thus, it is possible to eliminate effects of 
those errors mentioned above through the sum of the energy 
losses in each array. 

We conducted two comparative experiments and each 
measurement data were taken in four places that had same 
distance between Cs-137 source and the detector. Here, we 
assumed that each of distances are 2.5 m and 5 m. The 
measuring Cs-137 using the detector was performed by the 
Geant4 toolkit [13,14]. Geant4 toolkit is a simulation tool for 
detailed understanding of particles such as neutron, electron, 
and ionizing radiation through objects. This toolkit is widely 
used in nuclear engineering, medical field for inspection using 
radiation.  

The four observation poses of the detector in the distance 
2.5 m between the source and the mobile robot were (2 m, 0 m, 
0 m, 0 deg, 0 deg, 180 deg), (0 m, 2 m, 0 m, 0 deg, 0 deg, -90 
deg), (-2 m, 0 m, 0 m, 0 deg, 0 deg, 0 deg), and (0 m, -2 m, 0 m, 
0 deg, 0 deg, 90 deg) which are represented as green dots in 
the Fig. 5. The orientations of the mobile robot are represented 
as blue arrows. The radiation source was located at 
(0 m, 0 m, 1.5 m). The reconstructed result applying 
back-projection and MLEM with the measured data in case of 
that the source and the detector are 2.5 m away was 
represented in Fig. 5.  We regularly divided the target space 

using 0.25 m size voxels. Therefore, the intensity j is 
estimated based on the center point of each voxel. Here, each 
value recorded in the voxel were represented by a color 
distribution. The blue color indicated the lowest value and the 

red indicated the highest value of the estimated j by 
reconstruction method. First, Fig. 5 (a) shows the simple 
back-projection result. In the Fig. 5 (a), the reconstructed 

intensity values j were distributed near the actual position of 
radiation source.  Next, Fig. 5 (b) shows that the result of 
reconstruction applying MLEM by the change of iteration 
from 1. By the iteration of MLEM, the estimated distribution 
of the radiation source gradually converged to actual position 
(0 m, 0 m, 1.5 m).  

On the other hand, in the case of that the source and the 
detector are 5 m away, the four poses of the observations for 
experimental setting were (4 m, 0 m, 0 m, 0 deg, 0 deg, 180 

deg), (0 m, 4 m, 0 m, 0 deg, 0 deg, -90 deg), (-4 m, 0 m, 0 m, 0 
deg, 0 deg, 0 deg), and (0 m, -4 m, 0 m, 0 deg, 0 deg, 90 deg), 
which are represented as green dots in the Fig. 6. The 
orientations of the mobile robot are represented as blue arrows. 
The orientations of the mobile robot are represented as blue 
arrows. In this case, the radiation source was located at 
(0 m, 0 m, 3 m). Figure 6 (a) shows the result of 
back-projection method. The reconstructed radiation image is 
scattered in large area and the position of the voxel that has the 
highest estimated intensity was (0 m, 0 m, 3.5 m). Figs. 6 (b), 
(c), and (d) shows the MLEM method results. When the 
iteration time is over 5 times, the radiation image is converged 
on the single voxel that is located at the actual position of the 
source (0 m, 0 m, 3 m).  

Figure 7 represents the relationship between standard 
deviation of the estimated distribution which means how 
much data are scattered and iteration number of the MLEM 
process. Here, iteration time 0 means reconstructed result by 
back-projection method. The results clearly show that the 
reconstructed radiation image is converged to the true position 
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Figure 6. Experimental result of distance 5 m: (a) reconstruction result applying simple back projection, (b) reconstruction result applying MLEM of iteration 

1, (c) reconstruction result applying MLEM of iteration 2, and (d) reconstruction result applying MLEM of iteration 3. 
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(a) (b) (c) (d)

Figure 10. Experimental result: (a) result reconstructed by simple back-projection, (b) result reconstructed by MLEM with the iteration 1, (c) result 

reconstructed by MLEM with the iteration 5, and (d) result reconstructed by MLEM with the iteration 10.  

 

of radiation source by the increasing of iteration. In addition, 
comparing with Figs. 7 (a) and (b), the convergence time 
becomes long if the distance between the source and the 
detector is far away.  

Consequently, when the detector was far from the 
radiation source, the reconstructed image showed more 
scattered radiation image and need more iteration time of 
calculation to be converged on the single voxel. The cause of 
increase of iteration is due to the decline in the measured 
number of radiation given that the intensity of radiation 
becomes weaker as it spreads out from the source as show in 
Fig. 8. The number of measured radiation is an inverse 
proportion to the distance from source. 

B. Demonstration for the proposed system  

The next experiment demonstrated the proposed system 
assuming the mobile robot equipped the radiation detector. In 
this experiment, we assumed a Compton camera for a 
radiation detector and Cs-137 radiation source with the 
intensity of emission 4000 Bq in the consideration of the 
measurement time as 5 minutes in each position. Figure 9 
shows the experimental environment. Here, the 3D 
environmental map was generated by the SLAM scheme using 
the mobile robot equipped with a LRF and encoder in advance. 
Based on this 3D map information, the radiation which is 
emitted from the Cs-137 radiation source, was generated by 
Geant4 toolkit in simulated environment. The true position of 
radiation source was located in the small room which could 
not be observed by the LRF, since the door was closed, as 
shown in Fig. 9. The single grid size is 1 m × 1m in the Fig. 9 
and the robot observed the source at six locations near the 
door, which are presented in the number 1 to 6. Since the 
radiation source was located behind the door, the true position 
is presented in the outside of the 3D map. The true orientation 

of the detector for each observation are represented by the red, 
green, and blue color of axes. The blue axis is normal vector of 
detector face. The poses of the detector as the result of SLAM 
were set as follows: (8 m, 5 m, 0.5 m, 0 deg, 0 deg, 0 deg), 
(7.998 m, 6.98 m, 0.499 m, -0.89 deg, -0.15 deg, -1.95 deg), 
(7.998 m, 8.88 m, 0.499 m, -0.41 deg, -0.25 deg, -44.76 deg), 
(7.998 m, 10.98  m, 0.499 m, 0.25 deg, 0.53 deg, -90.93 deg), 
(9.98 m, 10.97 m, 0.49 m, 0.53 deg, 0.28 deg, -90.34 deg), 
and (10.98 m, 10.97 m, 0.499 m, -0.42 deg, 1.09 deg, -87.85 
deg). The true location of the radiation source was set at (10 m, 
9 m, 1.5 m). The mobile robot stopped at each observation 
position while the detector observed the radiation.  

In the process of 3D reconstruction using MLEM process, 
0.5 m × 0.5 m × 0.5 m sized voxel were composed of the 
reconstructed image space. The results of the back-projection 
and the MLEM process are shown in Fig. 10. Figure 10 (a) is 
the result applying simple back-projection for the 3D radiation 
imaging reconstruction. The result shows that the scattered 
radiation image in the whole environmental area including the 
corridor and the hall which has no radiation source. Moreover, 
voxels represented in red color, are estimated in the not only 
nearest place from the true position of radiation source and but 
also the other places. Figures 10 (b), (c) and (d) show the 
reconstructed 3D radiation image by MLEM in the iteration 1, 
5, and 10. The results show that the radiation image is 
converged near the true position of radiation source by the 
increase of iteration. Especially, Fig. 10 (c) shows that the 
radiation image is concentrated beyond the wall where almost 
close to the true position.  

Consequently, the result shows that the system is able to 
generate 3D radiation image, which contains more accurate 
and intuitive spatial information between radiation source and 
the surrounding environment compared with the formal 
research mentioned in the section I. As same as the result from 
simulation experiment mentioned in subsection VI.A, the 
image is converged near the radiation source by increasing 
iteration of MLEM. The position of the voxel that contains 
highest value of estimated intensity of radiation is (11.5 m, 7 
m, 0.5 m) at the result of iteration 10. Compared the true 
position of the radiation source (10 m, 9 m, 1.5 m), small 
estimation error occurred. This error is caused by two factors: 
the uncertainties of detector poses and lack of measured data. 
First, the detector poses are estimated by SLAM process. In 
other words, 3D radiation image was reconstructed based on 
the detector pose with the error. Next, in the light of the results 
of experiment described in subsection VI.A, the result of the 
error in the estimation of radiation source is caused by the 
number of measured data.  
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Figure 9. Experimental setting of the radiation source and observation 
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V. CONCLUSION 

In this paper, 3D reconstruction for radiation image using a 
radiation detector mounted on a mobile robot is proposed. In 
order to achieve 3D radiation image, SLAM and MLEM 
method is applied using the measurement data which is 
obtained at the multiple viewpoint. Thus, the proposed system 
is able to produce accurate and intuitive information of 
radiation source position compared with the conventional 
imaging system. 

Two experiments were performed to demonstrate a 
validity of the proposed system. The first experiment indicates 
that the accuracy of the reconstruction result is related with the 
number of measured data since we demonstrated it by 
changing the distance between the source and the detector. 
The second experiment showed that our system could estimate 
the accurate radiation image in the condition of the source 
being blocked by the obstacle. Thus, our system can produce 
more accurate and intuitive information of radiation source 
position compared with the conventional system which 
reconstructs the radiation image under constraint that the 
source should be on the surface of obstacles. 
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