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ABSTRACT 

Law enforcement officers and public safety personnel are a critical component of the Global Nuclear Detection 

Architecture, and would benefit from additional opportunities to train for this mission in realistic threat scenarios. 

Physical Sciences Inc. (PSI) is developing a Virtual Source Training Toolkit (VSTT) system capable of reproducing the 

response of handheld radiation detectors to a virtual source in a complex occlusion and shielding environment. The 

toolkit will allow additional low-cost training opportunities for these officers inside operationally relevant public areas in 

order to reduce the time required to detect and localize a realistic radiological threat. 

The main components of the VSTT are a user position estimation system and a radiation propagation algorithm. Both 

algorithms operate at 10 Hz update rate on a handheld Android smart device that simulates the user interface of a 

radiation detector. The user position and orientation are determined through a Bayesian fusion process between the smart 

phone IMU measurements and range estimates to Bluetooth beacons. The radiation propagation algorithm simulates both 

attenuation and scattering of radiation between the programmed virtual source position and the user’s estimated position. 

The VSTT has been demonstrated to provide an average localization error < 1.2 m while traversing a complex interior 

space including walls and magnetic perturbations. The simulated radiation spectra achieve Spectral Angle Mapping 

values > 0.93 between simulated and measured source configurations through multiple shielding materials and 

thicknesses. In a series of experiments, an operator is able to rapidly localize a virtual source using a prototype VSTT.  
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1. SYSTEM OVERVIEW AND IMPLEMENTATION  

1.1 System Design  

The Virtual Source Training Toolkit (VSTT) is a radiological source simulation toolkit designed to facilitate the training 

of first responders and law enforcement officers in source detection, localization, and identification without deploying 

physical sources.  It is capable of simulating the detector response and user interface of a handheld radiation detector to a 

virtual source in the actual scattering and shielding environment.  The simulation executes in real-time entirely on a 

modern smart phone, supported by Bluetooth beacons instrumented in the environment.  The toolkit will enable more 

frequent training exercises to be conducted at significantly reduced cost inside relevant public spaces with no public 

safety concerns. Through such additional training opportunities, the time required by first responders to detect and 

localize a realistic threat in an operational environment will be significantly reduced. 

The key technological advances of the VSTT system are: 

• Complete operator localization and orientation is performed whenever the operator is within range of the 

virtual source to enable the simulation of realistic asymmetric shielding conditions caused by the source 

packaging, local environment, or operator.  The toolkit accurately simulates the signal strength modulation 

caused by the operator’s body, a key tool for rapidly localizing radiological sources. 

• Real-time radiation propagation that captures physically realistic shielding and scattering caused by the 

operational environment.  The algorithm captures both effects in a completely linearized model capable of 

executing at 10Hz update rate on the Android smart phone.  The simulation includes all energy dependent 

effects. 
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• Handheld radiation detector integration with actual hardware, if available, to collect background spectra.  The 

simulated source term is injected into the measured background to provide realistic background variability as 

the operator traverses the training area.  The toolkit is also able to operate without the presence of actual 

hardware utilizing a simple background radiation simulation.  

The solution utilizes COTS smart devices and small Bluetooth beacons to perform operator localization.  A data fusion 

algorithm ingests smart device IMU and magnetometer measurements as well as range estimates to the Bluetooth 

beacons instrumented in the training area.  More advanced time-of-flight localization systems have been developed, but 

require specialty hardware
1,2

.  The estimated operator location and orientation are used by the radiation propagation 

algorithm to determine the virtual detector response.  The local scattering environment including position and material 

composition of obstacles and walls is specified by the training coordinator during initial setup of the toolkit.  The 

propagation algorithm propagates the source term through all intervening material to accurately simulate the detector 

response to the virtual source.  The results are presented through a similar user interface to actual handheld radiation 

detectors to allow operators to gain experience and confidence in their operation.  A block diagram of the system is 

shown in Figure 1.  Additional implementation details are provided in the next sections. 

 

Figure 1.  Block diagram of the Virtual Source Training Toolkit. 

 

1.2 Operator Localization 

The ability to completely localize and orient the operator in the indoor or outdoor simulation environment is a key 

distinguishing characteristic of the VSTT capability.  This determination is necessary to enable accurate modelling of 

environmental and operator shielding and scattering conditions by the radiation propagation algorithm.  The algorithm 

proceeds in two stages.  In the first stage, the onboard smart phone IMU sensors are used to determine an independent, 

stable position estimate.  Figure 2 shows the temporal profile of the accelerometer, gyroscope, and magnetometer data 

collected during a simple experiment.  The procedure to generate the position estimate is: 

• Accelerometer, gyroscope, and magnetometer readings are analyzed using a sequential Bayesian estimation 

algorithm to determine the 3D orientation of the smart device.  The accelerometer and magnetometer provide 

absolute orientation information through the measurement of the Earth’s gravitational and magnetic fields.  

Magnetic spatial anomalies are automatically identified and trigger a failover to gyroscope heading 

determination until the operator leaves the perturbed area. 

• The accelerometer reading is converted to world space from the local phone coordinate system and the 

contribution from the Earth’s gravitational field is subtracted.  The resulting instantaneous accelerometer 

reading is only due to the action of the operator. 

• Step detection is performed to estimate the direction and magnitude of the walking movement of the operator.  

When the operator is not walking, the acceleration is directly integrated within a limited spatial range of the 

final step position to track arm movements of the operator. 
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Figure 2.  Raw smart phone IMU measurements from the accelerometer (top), gyroscope (middle), and magnetometer 

(bottom) while the operator traverses fixed course.  The accelerometer zero offset is due to force of gravity, while high 

frequency variations are caused by individual steps.  The changes in magnetometer reading are caused by changes in 

heading as the operator turns to follow the experiment course. 

 

The Bluetooth beacons that are instrumented in the training environment provide an absolute position reference to 

prevent the error in the integrated accelerometer solution from the smart phone sensors from growing without bound.  

The initial set of experiments utilized 7 Bluetooth beacons to instrument a 20 m x 20 m area.  The resulting beacon 

density was more than sufficient and may be reduced with further development.  Each Bluetooth beacon is configured to 

broadcast a simple identifying message at maximum power at 10 Hz.  The smart device is configured to search for these 

messages and measure the Returned Signal Strength Indicator (RSSI) of each detected beacon.  The RSSI corresponds to 

the RF power measured by the receiver of the smart device.  A series of calibration measurements were conducted to 

determine the calibration parameters, C and K, for estimating the range, R, to the source from the RSSI, using 

 R = Exp(C + K * RSSI).  (1) 

Each Bluetooth RSSI measurement is converted into a range estimate from the operator to the beacon using the 

determined values of C and K.   

In the second stage of the localization algorithm, the localization output of the first stage algorithm is fused with the 

Bluetooth range estimates using an additional sequential Bayesian estimation process.  Each Bayesian update applies a 

prediction based on the accelerometer analysis from the first stage process and an update based on the most recent 

Bluetooth range estimates from each reporting beacon.  Appropriate error models are applied to both the accelerometer 

and Bluetooth measurement inputs.  The resulting position estimate provides short time-scale accuracy using the 

accelerometer data as well as long-term stability from the Bluetooth range estimates.  Experimental results from the 

system are presented in Section 2. 

1.3 Radiation Propagation 

The radiation propagation algorithm has been optimized to provide high spectral accuracy at extremely low 

computational cost to operate at 10 Hz on an Android smart device.  The approach is based on generating scattering and 

absorption matrices that linearize the response of any environmental shielding materials to each incoming energy gamma 



 

 
 

 

 

ray.  The simulation tracks the full spectral energy range of typical handheld gamma radiation detectors to accurately 

represent the energy-dependent shielding response of different materials. 

The algorithm proceeds by propagating the source term through all materials between the virtual source and detector 

before convolving with the detector response.  The source term is an input to the simulation that will be specified by the 

training operator during configuration of the system.  Asymmetric emission of the source is supported.  Since the angle 

between the virtual source and detector is known based on the operator localization, the correct emission for this angle is 

selected from the input asymmetry parameters.  The map of the materials and thicknesses of occluding objects in the 

local environment is analyzed to determine which materials are between the source and the detector.  The thickness of 

each material is determined using the simulation parameters input by the training supervisor and the source term is 

propagated through each material in sequence.   

The final simulation result is generated using a pre-computed detector response matrix for the simulated detector.  The 

detector response matrix includes the effects of the limited energy resolution and stopping power of handheld radiation 

detectors.  The full spectrum detector response to a mono-energetic source is computed using the GADRAS
3
 simulation 

package.  This simulation is repeated for a dense sampling of mono-energetic sources spanning the energy range of the 

detector to generate a matrix.  Figure 3 shows the results from several sample mono-energetic sources generated for the 

FLIR identiFINDER
4
 R200 handheld radiation detector.  The final source term after propagation through all intervening 

materials is multiplied by this matrix to generate the detector response rate as a function of energy.  A simulated source 

spectrum is derived by Poisson sampling from this rate with the appropriate integration time to match the modelled 

detector hardware.  The source spectrum is injected into measured or simulated background and displayed to the 

operator. 

 

Figure 3. Detector response functions for the FLIR identiFINDER R200 handheld radiation detector to mono-energetic 

sources of various energies calculated using GADRAS.  The response is densely sampled across the entire energy space to 

form a matrix representing the complete detector response. 

2. EXPERIMENTAL RESULTS 

2.1 Performance assessment experiments and results 

The performance of the operator localization system was first assessed based on an offline analysis of data collected 

during multiple basic experiments.  In order to quantitatively assess performance during development, ground truth 

operator position data was collected during these initial experiments.  A 20 m x 20 m area was instrumented with 7 

Bluetooth beacons.  The positions of multiple waypoints within this space were mapped.  A simple smart device 



 

 
 

 

 

application capable of logging all IMU measurements and Bluetooth power estimates was created to perform the data 

collection.  The smart device was carried between the mapped waypoints and the time when it reached each waypoint was 

recorded.  The waypoint data enables the reconstruction of the ground truth position of the operator at each point in time 

based on linear interpolation.  The localization algorithms are executed on the collected IMU and Bluetooth data and the 

results are compared to the ground truth results.  Figure 4 shows the results of the comparison for data collected during a 

complex 90 second random walk through the instrumented area.  The localization system achieves an average position 

error of 1.2 m and an average heading error of 14.9 degrees.  These results are typical of multiple experiments conducted. 

 

Figure 4. Results from experiment conducted to verify performance of localization algorithm.  The algorithm determines the 

operator position with an average error of 1.2 m (top) and the operator heading with average error of 14.9 degrees (bottom). 

 

The radiation propagation algorithm has been assessed through a series of controlled source measurements with 

handheld radiation detectors. In each experiment, a long-duration gamma spectral measurement is taken with the 

radiation detector with a different radioactive check source and a different shielding material and thickness.  Initial 

measurements have been conducted with both the FLIR identiFINDER R200 and R400 detectors.   Performance was 

assessed against radioactive isotopes with emission across the normal gamma spectrum from 81 to 1461 keV including 
137

Cs, 
133

Ba, 
22

Na, 
57

Co and 
60

Co.  Figure 5 shows a direct comparison of the measured and simulated radiation spectra 

for 
133

Ba detected by the FLIR identiFINDER R200 detector with varying thicknesses of steel placed between the source 

and detector.  There is excellent qualitative agreement between the measurements and simulations. 

 
Figure 5. Comparison of measured and simulated responses from the FLIR identiFINDER R200 to a 10 uCi Ba-133 check 

source through varying thicknesses of steel plate. The simulation results display extremely high spectral correlation. 



 

 
 

 

 

Quantitative assessment of the radiation propagation algorithm is made based on two metrics.  Spectral Angle Mapping 

(SAM) values provide an assessment of the spectral similarity between the measured and simulated spectra.  SAM values 

are computed using 

 ��� = 	 ∑��	�

∑����∗∑	�	�

,  (2) 

where Si and Ei  are the simulated and measured spectra as a function of channel, i.  The second metric is the gross count 

rate, summed across energy space, of the two spectra.  For each of the sources listed above, measurements were 

completed with 0.075, 0.15, and 1.27 cm of steel and 6.6, 8.8, 10.4, and 13.4 cm of water.  In each experiment, the SAM 

values of the simulated and measured spectra are > 0.9 indicating high spectral shape correlation.  Table 1 shows the 

results for each experiment conducted.  Additionally the gross count rate error is < 25 %.  The errors are primarily driven 

by multiple scattering in the environment, which is not simulated by the simplified radiation propagation algorithm. 

Table 1. Spectral Angle Mapping (SAM) values comparing simulated and measured radiation spectra collected with 

different radiological sources through different shielding materials and thickness using the FLIR identiFINDER R200 and 

R400.  In all experiments the simulation achieves SAM > 0.93. 

 

 

2.2 Source localization experiment results 

To demonstrate the complete capability, all components were integrated into a Technology Readiness Level (TRL) 4+ 

functional prototype.  The operator localization and radiation propagation algorithms were implemented in the C++ 

programming language and linked to an Android application using the Android Native Development Kit.  A basic user 

interface was created to display the simulated detector response.  In the initial prototype, the interface was based on the 

“Finder” mode of the FLIR identiFINDER radiation detection system (see Figure 5).   

 

Figure 5. Comparison of actual and simulated user interface of the FLIR identiFINDER device line.  The simulated interface 

faithfully reproduces the display features of the FLIR interface. 

0.075 cm 0.15 cm 1.27 cm 6.6 cm 8.8 cm 10.4 cm 13.4 cm

Ba-133 0.978 0.983 0.995 0.987 0.986 0.987 0.985

Co-60 0.994 0.992 0.994 0.994 0.995 0.994

Cs-137 0.974 0.974 0.978 0.989 0.992 0.99 0.993

Ba-133 0.977 0.981 0.993 0.99 0.993 0.995 0.997

Co-57 0.934 0.939 0.966 0.985 0.989 0.992 0.993

Co-60 0.999 0.998 0.996 0.998 0.999 0.998

Cs-137 0.995 0.995 0.996 0.994 0.994 0.993 0.994

Na-22 0.986 0.987 0.991 0.989 0.991 0.991 0.993
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The prototype was configured to perform a series of source localization experiments.  The operator initiated each 

experiment by pressing a button which set the initial parameters and randomly positioned a virtual source within the 

instrumented 20 m x 20 m area.  The operator traversed the area while monitoring the user interface of the simulated 

detector until they felt that they had accurately localized the randomly positioned source.  In each case the operator 

localized the source to < 2 m error.  Figure 5 shows the path walked by the operator during a localization experiment.  

The points are colored by the gross count rate of the simulated detector response.  The operator begins in the top left and 

localizes the source in the first room only after searching an adjacent room to the right.  Figure 6 shows the time required 

for the operator to feel that they had successfully localized the source in a set of sequential experiments conducted with 

the same operator.  The decreasing trend in required time is a strong initial indication that the training environment is 

sufficiently realistic to reduce the time required for officers to interdict actual source in operational environments. 

 

Figure 6.  Reconstruction of operator position and radiation measurements during a source localization exercise.  The plotted 

line represents the operator position, and the points are colored by the detected radiation flux at each position. 

 

 

Figure 7.  Time required for the same operator to localize virtual source over ten successive localization exercises. 

3. CONCLUSIONS 

A novel approach for the simulation of radiological source detection and localization scenarios was developed utilizing 

complete operator localization in the simulated environment.  The VSTT capability provides a realistic training 

simulation that reduces the time required for an operator to localize a radiological source.  

In a series of experiments conducted at the Physical Sciences, Inc. facility, we successfully demonstrated the ability of 

the prototype system to localize the operator to < 1.2 m average error and determine the smart device heading with 



 

 
 

 

 

< 15 degrees average error.  The radiation propagation algorithm is capable of simulating the radiation detector response 

to within 25 % error in gross count rate and a spectral similarity characterized by Spectral Angle Mapping values > 0.9. 

A functional prototype was created with all developed technology integrated and used in a series of source localization 

experiments conducted by operators unfamiliar with source localization procedures.  The operators found the simulation 

easy to use and were successful both in localizing the source and reducing the time they required to do so by a factor of 3 

over multiple simulation runs.  
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