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ABSTRACT  

The need for standoff detection technology to provide early Chem-Bio (CB) threat warning is well documented.  Much 

of the information obtained by a single passive sensor is limited to bearing and angular extent of the threat cloud. In 

order to obtain absolute geo-location, range to threat, 3-D extent and detailed composition of the chemical threat, fusion 

of information from multiple passive sensors is needed. A capability that provides on-the-move chemical cloud 

characterization is key to the development of real-time Battlespace Awareness.   

We have developed, implemented and tested algorithms and hardware to perform the fusion of information obtained 

from two mobile LWIR passive hyperspectral sensors. The implementation of the capability is driven by current 

Nuclear, Biological and Chemical Reconnaissance Vehicle operational tactics and represents a mission focused 

alternative of the already demonstrated 5-sensor static Range Test Validation System (RTVS).
1
 The new capability 

consists of hardware for sensor pointing and attitude information which is made available for streaming and aggregation 

as part of the data fusion process for threat characterization. Cloud information is generated using 2-sensor data ingested 

into a suite of triangulation and tomographic reconstruction algorithms. The approaches are amenable to using a limited 

number of viewing projections and unfavorable sensor geometries resulting from mobile operation. In this paper we 

describe the system architecture and present an analysis of results obtained during the initial testing of the system at 

Dugway Proving Ground during BioWeek 2013. 
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1. TECHNOLOGY OVERVIEW AND IMPLEMENTATION  

a. Capability Overview 

A fixed-site, five sensor constellation capable of determining the location and detailed concentration distribution of 

chemical agent simulant clouds was previously demonstrated on government test ranges.
1
 The constellation, referred to 

as the Range Test Validation System (RTVS), was based on the use of standoff passive multispectral infrared imaging 

sensors to obtain column density measurements through one or more chemical clouds from five locations. A Computed 

Tomography (CT) inversion method was employed to produce a three dimensional concentration profile of the clouds 

from the two-dimensional line density measurements. The RTVS successfully demonstrated its utility as a referee 

system used to characterize chemical clouds released on test ranges, but has limited practical applications for real-time 

battlespace threat characterization.  

Recent efforts have been directed at the development of a two-sensor variant of RTVS with integrated hardware for 

accurate sensor pointing and attitude information needed during dynamic operation of mobile or fast re-locating sensors 

across a battlefield. A mobile constellation of passive Long-Wave IR (LWIR) standoff sensors (N ≥ 2) adds significant 

value to the mission of chemical early warning and contamination avoidance by: 

• Generating confirmatory detection and threat identification from multiple sensors, thus increasing the 

probability of detection, while lowering the false alarm rate.  

• Estimating total threat mass and absolute geo-location of the center-of-mass (COM) over the duration of the 

cloud life, thus better assessing the transport and fate of the threat, i.e. propagation direction and informing the 

warfighter of danger zones. 

• Providing real-time 3-D threat concentration profiles through the use of tomographic reconstruction methods 

that yield in-depth knowledge of the threat’s absolute geo-location, 3-D extent and composition. 
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The system described in this paper, and referred to as the Mobile Threat Mapping System (MTMS), is envisioned to be 

installed on Nuclear, Biological and Chemical Reconnaissance Vehicles (NBCRV). Its architecture and functionality 

were designed based on current NBCRV operational tactics and CONOPs. A review of the Multiservice Tactics, 

Techniques, and Procedures for Nuclear, Biological, and Chemical Reconnaissance (MTTPNBCR)
2
 suggests that current 

reconnaissance tactics are based on Squad NBCRV configurations which are limited to two vehicles with mounted 

passive hyperspectral imaging sensors. The vehicles navigate along a single line of travel, following each other and may 

be part of a larger vehicle convoy. The distance between the vehicles is ~ 1 km in order to keep a safe firing distance. 

The vehicles’ sensors complement each other in order to maximize contamination avoidance. The MTMS system uses 

the fusion of information from the two passive LWIR imaging sensors to provide additional relevant chemical threat 

information such as range to threat and cloud propagation direction that can prove critical to contamination avoidance. 

Our quantitative analysis of system performance through modeling and simulation demonstrated that the ability to 

extract information about the chemical threat is limited by the current CONOPS using 2-sensor geometries and to a 

lesser extent by the system’s pointing and positioning accuracy.
3
 The two-sensor configurations limit the ability to 

generate high fidelity 3-D tomographic reconstructions of the chemical threat due to unfavorable geometries and the 

limited number of available projections through the chemical cloud. Nonetheless, under these conditions, accurate threat 

information such as total mass, COM location/track, and threat bounding can be generated via individual sensor mass 

estimates coupled to triangulation and reconstruction techniques, as long as system pointing uncertainty is less than 

1 degree. Furthermore, in such cases, lower fidelity 3-D threat concentration profiles may be obtained through the 

implementation of advanced tomographic algorithms that are less sensitive to the limited projection fields. The MTMS 

system uses an optimized variant of the Computed Tomography (CT) algorithm developed for RTVS.
1
 To generate 

highly accurate (≤ 20% error) 3-D threat concentration profiles, our analysis shows that tomographic reconstruction 

approaches can be fully exploited when the sensor constellation is comprised of 3 or more sensors with pointing 

accuracy of better than 0.4 degrees.  

The limitation imposed by the number of available sensors, as well as the need for additional development of technical 

innovations such as image registration for real-time, on-the-move cloud imaging, resulted in a threshold MTMS 

capability with the following attributes: 

• CONOPs: current Squad NBCRV tactics 

• Number of sensors/vehicles: 2 

• Threat mapping data products: COM location estimate over time, threat propagation direction, total mass 

estimate, cloud extent estimate and low fidelity 3-D concentration profiles 

• Method for cloud mapping: advanced triangulation techniques with tomographic reconstruction capability  

• Pointing accuracy: 0.5º 

• Vehicle state during data acquisition and fusion: 1) in motion (speeds up to 30 mph) if on-the-move data 

acquisition capability is available, and 2) stationary  

• Processing platform: Ruggedized laptop with Intel quad-core Xeon processors 

• GUI and data display platform: Map-based display showing cloud detection, identification, geo-referenced 

COM, cloud boundaries, and track 

In the following sub-section we describe the MTMC hardware and software architectures. Section 2 of this paper 

describes an assessment of system performance during both controlled laboratory experiments and at the BioWeek 2013 

field test conducted at Dugway Proving Ground.  

b. Mobile Threat Mapping System (MTMS): Hardware and Software Components 

b.1. MTMS Performance Specifications 

A detailed description of the MTMS system is provided below. In Table I we present an overview of the specifications 

associated with key system parameters. 

 

 

 

 



 

 
 

 

Table I. MTMS Key Performance Parameters 

Performance Parameters Units MTMS Prototype Capability 

Sensor NESR µW/cm2srµm 2 – 3 (wavelength dependent) 

Spatial Resolution meters  10 m @ 5 km 

Temperature uncertainty in radiometric calibration degree K 0.3 

Sensor positioning uncertainty meters 2.5 

Sensor pointing/bearing uncertainty degrees 0.5 

Band to band image registration capability  pixel 
Image registration for on-the-move operation 

was not incorporated in MTMS prototype 

Ambient temperature measurement uncertainty Degree Kelvin ~ 1 

Full Tomographic Reconstruction Capability n/a yes 

Advanced triangulation capability n/a yes 

Data products n/a 

COM location estimate over time 

Cloud propagation direction 

Total mass estimate 

Cloud boundaries (Northing, Easting, Elevation) 

User selected option for detailed 3-D 

concentration distribution 

Processing platform n/a Sensor laptops + Tomography laptop 

Visualization Platform n/a 
Map with Embedded Threat Info and offline 

Google Earth playback 

Communication Protocol n/a 
NBC1 message between sensor platforms via 

cellular communication network 

 

b.2. MTMS Hardware Architecture Overview 

The MTMS consists of two vehicle-mounted sensor suites.  The sensor suites share data associated with ambient 

conditions, sensor geo-location and pointing, and 2-D threat information generated by a passive hyperspectral imaging 

sensor.  This shared data is processed at each mobile station to triangulate the absolute geo-location of the threat as 

shown in Figure 1.  In addition, a tomography station further processes the same set of shared data in order to calculate a 

full 3-dimensional tomographic reconstruction of the threat concentration profile. The MTMS data output fully 

characterizes the observed cloud and contains the following information: threat identification, range to threat, geo-

referenced COM estimates of the chemical cloud over time, threat propagation direction, and 3-D threat bounding and 

cloud extent. 

 

Figure 1. The MTMS consists of two vehicle mounted passive hyperspectral imaging sensors sharing data and performing 

data fusion. 



 

 
 

 

Each mobile platform is made up of seven subsystems: an AIRIS-WAD LWIR passive hyperspectral imaging system,
1,4,5

 

a temperature sensor, a pointing sensor (GPS, Attitude and Heading Reference System - AHRS), network 

communications, processing station, a vehicle platform, and a tomography station. These components are illustrated in 

Figure 2. The hyperspectral imaging sensor captures data cubes over the LWIR spectral region of 8 - 11 µm.  This data is 

transmitted to the processing station along with the ambient air temperature, which together are used to determine the 

presence and spatially-resolved column density of chemical clouds.  The procedure for calculating 2-D column density 

in the field of view of a hyperspectral imager has been discussed in detail elsewhere.
1
 Sparse column density data, along 

with geo-location and pointing data from the GPS/AHRS unit are transmitted over the cellular data network to the other 

platform in the constellation.  

 

Figure 2. Each mobile station consists of a vehicle platform and generator, hyperspectral imaging sensor, peripheral sensor 

suite, and computer control. 

Subsystems interconnections (mechanical, power, and data linkages) are shown in Figure 3.  The temperature sensor and 

GPS/AHRS devices are passed through device servers which convert their native interface to TCP/IP.  All sensor data is 

then shared through a local area network. No changes are required to an AIRIS sensor to switch between standalone 

operation and MTMS operation. Each hardware subsystem is described in Section b.3 below. Complete hardware 

interface specifications, including power requirements and messaging formats were included in the MTMS Hardware 

Interface Control Document (ICD) described in Ref. 3.
 



 

 
 

 

 

Figure 3. Mechanical, power and data interactions between all MTMS subsystems. 

b.3. MTMS Hardware Components 

LWIR Passive Hyperspectral Imager 

The Adaptive Infrared Imaging Spectroradiometer Wide Angle Detection (AIRIS-WAD) system was used as the passive 

standoff detector for the MTMS system. The AIRIS-WAD sensor was described in detail elsewhere.
5
 Briefly, AIRIS-

WAD was developed for real-time standoff detection of chemical warfare agent vapors. The technical concept is based 

on the insertion of a tunable Fabry-Perot interferometer (etalon) into the field of-view of an infrared focal plane array 

(FPA). The IR FPA views the far field through the etalon, which is placed in an afocal region of the optical train. The 

piezoelectric-actuated etalon is operated in low order (mirror spacing comparable to the wavelength of the light 

transmitted) and functions as a tunable interference filter which selects the wavelength viewed by the FPA.   

The sensor uses passive multispectral imaging in the 8 to 11 µm wavelength region to detect target chemical vapors and 

aerosols based on known spectral features.  This spectral range, known as the “fingerprint” region of the infrared 

because it contains absorption bands allowing unique identification of chemical compounds, also affords excellent 

transmission through the atmosphere. The system’s tunable filter technology allows the optimization of spectral band 

selection to take advantage of these strong chemical absorptions in order to maximize information input to its spectral 

recognition algorithms. The system utilizes a real-time integrated processor performing chemical detection and 

identification in less than 1 second for complex backgrounds (including urban environments) through the use of a highly 

adaptable ATR algorithm. It utilizes a proven statistical detection algorithm (Adaptive Cosine Estimator), coupled to 

temporal and spatial filtering approaches, such that the sensor does not require a priori knowledge of the background, 

also enabling ‘on-the-move’ detection.   

The passive detection approach takes advantage of naturally-occurring temperature differences between the air parcel 

containing the target vapor or aerosol and the background against which this air parcel is viewed.  This thermal contrast 

results in a change in the apparent wavelength-dependent emissivity of the background where the cloud is present at the 

absorption bands of the target compound.  If the wavelength-dependent structure of the target compound absorption 

bands is statistically different from the spectral variations in the background, the presence of these bands (and hence the 

target compound) can be detected. 

The sensor’s optical configuration affords a wide field of view, high optical throughput, and broad wavelength coverage 

at a spectral resolution well matched to the width of the typical target compound absorption bands.  The system employs 



 

 
 

 

wide field-of-view fore-optics (32 x 32 degrees) for extended area monitoring.  The sensor can be coupled to various 

pan-tilt heads to provide 360 degree azimuthal scanning capability from fixed and mobile platforms. The 2.2 milliradian 

IFOV of the sensor, provided by its 256 x 256 pixel format HgCdTe FPA, enables the detection of small clouds even at 

extreme ranges. The < 1 second acquisition time freezes cloud as well as most platform motion. Image registration 

algorithms have been previously developed to allow on-the-move operation of the sensor. For the initial prototype 

demonstration of the MTMS, these algorithms were not integrated with the system. During BioWeek 2013, the AIRIS 

sensors were at a fixed location during data acquisition, but were able to be rapidly repositioned between releases in 

order to establish different viewing geometries. 

Detection sensitivity, range, and spatial resolution requirements for the sensor are derived from the deployment method, 

subsequent atmospheric dispersion, and toxic threat level posed by agents of interest.  These constraints guide much of 

the system’s design.  In general, these considerations combine to require the detection of a cloud 100 to 200 meters wide, 

10 to 50 meters high, and as much as 5 km in range with a total column density (concentration x path length through the 

cloud) at or exceeding 150 to 200 mg/m
2
.   

Temperature Sensor 

The Embedded Data Systems’s HA7Net 1-wire system was used as the temperature sensor. The 1-wire temperature 

probe and solar shield yielded ambient air temperature readings with an accuracy of ~ 1 degree. The HA7Net 1-wire 

server provided analog-digital conversion and a TPC/IP over Ethernet interface to read real-time temperature data. As 

described in detail in Ref. 1, the air temperature is required for converting radiometrically calibrated sensor data to 

column density values on a pixel by pixel basis. 

Pointing and Attitude Sensor 

The Gladiator Technology’s Landmark 40 GPS/AHRS sensor was used for vehicle geo-location (± 2.5 m accuracy), 

heading information (± 0.5°) and attitude data (± 0.25°). The Landmark GPS/AHRS provided real-time (10 Hz) updated 

geo-location data using GPS, as well as yaw, pitch, and roll data from a suite of magnetometers, gyroscopes, and 

accelerometers.  A Moxa NPort 1A5150A serial device server provided a TCP/IP over Ethernet interface to the RS485 

data output by the GPS/AHRS unit. 

Network Communication System 

The MTMS prototype was designed based on two layers of network architecture.  A hardware local area network (LAN) 

provided the data interface between each peripheral system, the AIRIS-WAD, and the control/processing PC (see 

Figure 4).  Above this layer, a virtual private network (VPN) was created for all mobile platforms and the tomography 

station as shown in Figure 5.  An AT&T USBConnect Force 4G cellular modem and a Cradlepoint MBR95 Ethernet 

router were integrated with the system. The cellular data link provides connectivity between units, even without line of 

sight and in environments or at distances where 802.11 networking is problematic.  However, commercial cellular data 

connections do not allow direct device-to-device communication. Specifically, cellular networks do not allow device-

terminated connections.  Instead, each device’s LAN provided internet access through the cellular modem, and each 

control PC used this data link to connect to a central VPN server.  For field testing, the MTMS used a virtual server 

hosted on an encrypted Amazon’s Elastic Computing cloud service.  The server was configured to run the OpenVPN 

server package.  The server placed all mobile platforms and the tomography station onto a single subnet.  This approach 

allowed for simple (UDP broadcast) secure communication across the constellation network.  



 

 
 

 

 

Figure 4. MTMS Individual Sensor (Local) Network. 

 

Figure 5. MTMS Constellation Network. 

Computing Stations 

A Panasonic Toughbook ruggedized laptop controlled each of the AIRIS-WAD sensors and performed quantitative 

detection, identification and threat triangulation.  A Lenovo T530 MIL-SPEC tested laptop was used to as the 

tomography station and performed full 3-D tomographic reconstruction using the sparse column density data transmitted 

from each of the sensor stations. The tomography station resided at one of the sensor stations.   

Mobile Platform 

A Honda EU2000 generator, a commercial pickup truck, and a custom extruded aluminum frame were used to form the 

mobile platform upon which all hardware systems were mounted. The hardware system was pictured in Figure 3. For 

field trials, standard commercial pickup trucks were rented, and the frame and sensors were mounted in the bed of the 

truck.  The frame raised the AIRIS-WAD over the cab of the vehicle, and provided a raised mast so that the temperature 

sensor and GPS/AHRS could be placed far enough from their respective sources of interference (hot exhaust and the 

large ferrous metal forming the vehicle frame and engine block, respectively).  A manufacturer-supplied calibration 

procedure was used with the GPS/AHRS to account for any remaining magnetic influences around the GPS/ARHS. 

b.4. MTMS Software Architecture and Overview of Integrated Processing Algorithms 

The MTMS software performs three key functions: 1) Quantitative threat detection, 2) Threat geo-location, and 

3) Threat tomographic reconstruction. Figure 6 shows an overview of the MTMS data flow. Using stored target 

reference spectra, the ambient air temperature, and the AIRIS-WAD hyperspectral data cube, the software calculates the 

pixel level column density associated with the observed cloud.  Sparse column density data, along with vehicle location, 

vehicle attitude, and sensor attitude are packaged as compact structures and shared between platforms. Threat geo-

location uses this data from multiple platforms to determine common threats and triangulate their position and cloud 

bounding.  The tomographic reconstruction uses the same input data to calculate the full 3D threat concentration profile 

from a 2+ limited views of the threat. Below, we describe each of the key functions in greater detail. 



 

 
 

 

 

Figure 6. For each hyperspectral image, the MTMS software determines if there is a threat present and calculates a 

quantitative column density for each pixel in the image determined to contain the threat. Column density and sensor/vehicle 

attitude data are shared between platforms, and each platform triangulates the absolute geo-location of the threat.  A 

dedicated tomography station uses the shared data to calculate a tomographic reconstruction (3D concentration profile) of 

the cloud. 

Threat detection, identification and column density estimation 

The threat detection and column density calculation algorithm is based on the implementation of the Adaptive Cosine 

Estimator (ACE) and has been successfully demonstrated previously during many field trials conducted with the AIRIS 

sensors as well as part of the Range Test Validation System.
1
 The MTMS algorithm follows the procedure outlined in 

Ref. 1 to calculate per-pixel column density values from radiometric and ambient air temperature measurements.  As 

discussed in more detail in Section 2, the approach for calculation of column densities and mass estimates was validated 

under controlled laboratory conditions where a known amount of R134a gas in a flow cell, as well as a polystyrene film 

of known thickness were observed with the AIRIS-WAD sensors against a uniform, temperature controlled background. 

Mass errors of < 20% were obtained. For example, the algorithm recovered 11.3g ±1.8g of polystyrene when the AIRIS 

sensor observed a 12.7g polystyrene sample against a ∆T of 2°C. The demonstrated level of accuracy in mass estimates 

was consistent with previous results discussed in Ref. 1.  

Cloud triangulation algorithm 

The threat geo-location algorithm performs 3 primary functions: 1) Relative-to-absolute coordinate transformation, 

2) Threat grouping/cloud detection, and 3) Triangulation and bounding. The triangulation algorithm maintains a history 

of the last 60 seconds of views on a threat.  For slow-moving targets, this approach provides additional views of the 

threat, and allows a single system to triangulate against its own past results.  For all detection events in the history 

buffer, the algorithm extracts geo-location and pointing data from the peripheral data, and performs the coordinate 

transform to change from vehicle-relative bearing, pitch and roll to absolute 2D heading and northing/easting. 

Once a set of absolute threat vectors is computed, the algorithm calculates all intersections between these vectors.  Each 

intersection represents the potential location of a threat (i.e. the location of its Center of Mass - COM).  However, only 

some intersections will correspond to actual threats, while many intersections will be spurious. Figure 7a illustrates an 

example of this case. The algorithm determines which intersections are clustered together closely enough to correspond 

to the same threat (termed a neighborhood) and for each neighborhood, calculates a weighted score based on the number 

of involved vectors, the number of abandoned vectors, and the estimated mass for each involved vector. 



 

 
 

 

 

Figure 7. a) Three different perspectives (originating from the red, blue and green vertices) of two different threats (located 

and points labeled 3) generated many intersections at the correct location, as well as a number of intersections at non-threat 

locations (intersections between views of different threats). b) Cloud bounding based on the triangulation process is 

determined by finding the polygon bounded by the left and right extent from each view of the threat 

The number of threat vectors involved in the neighborhood (N) is a positive weighting, as a region with many involved 

vectors is more likely to correspond to a genuine threat location.  The number of abandoned vectors (A) is an estimate of 

how many threat vectors would not be accounted for if this neighborhood and all of its involved vectors were removed.  

Finally, for each threat vector involved in a neighborhood, the detected mass is calculated, and the least squares 

fractional error (E) between mass estimates from each threat vector is calculated. 

The final score for each neighborhood is then: 
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The neighborhood with the best score is determined to be the most likely cloud location, and is processed as a cloud.  All 

threat vectors accounted for by that neighborhood are removed from the collection of threat vectors, and the remaining 

algorithms are run through the threat grouping process again.  This process is repeated until no more valid intersections 

are found. 

For each cloud (neighborhood of threat vectors), the intersection of all involved vectors pairs is calculated, and the 

absolute geo-location of the threat is determined from the average of all the intersections.  Similarly, the cloud mass is 

calculated as the average of the mass determined from each individual view. Finally, the bounding vectors (left and right 

extent) are calculated from the detection image using the left-most and right-most pixels for which the threat was 

detected. Figure 7b shows an example of an original detection vector (dotted lines) surrounded by the left and right 

extents calculated from each view.  The threat bounding is determined from the minimum polygon drawn by these 

bounding vectors. The current implementation of this algorithm allows for triangulation of up to 5 clouds detected in a 

single AIRIS datacube (spectral image frame). It is important to note that the COM and bounding estimates derived by 

the triangulation algorithm are also used to prescribe the location and size of the 3-D reconstruction box in the 

tomography algorithm. 

Cloud tomographic reconstruction algorithm 

Implementation of the cloud tomographic reconstruction within the MTMS software architecture follows the same initial 

steps as the triangulation routine, and also integrates the calculation of a projection matrix as well as the implementation 

of the CT algorithm.  The projection matrix calculation and the Maximum Likelihood Estimation Method (MLEM) 

reconstruction algorithm were based upon software developed for the RTVS,
1
 and modified for this application to 

execute more efficiently and to provide improved reconstruction accuracy resulting from 2-sensor limited views.  

Once the triangulation routine determines an absolute location for each threat, the 5 optimum (maximum angular 

separation) views of that threat are selected from all available views.  A “truth box” is defined, centered on the estimated 

cloud location and with an extent that matches the sensors’ field of view at that distance.  The truth box definition and 



 

 
 

 

the sensor location corresponding to the (up to) 5 views, are used as inputs in the calculation of a projection matrix.  The 

projection matrix, along with the column density data from each sensor are ingested into the tomographic reconstruction 

process. A total of 5 different spatial regions can be reconstructed and tracked at any time in a sensor scan profile that 

can extend over multiple sectors. 

A reconstruction framework performs data handling and allows for multi-threaded processing of each slice of data 

separately by a reconstruction “core” algorithm. The interface to the reconstruction core is flexible, such that either the 

MLEM-based algorithm or alternative approaches may be used in the same framework. As part of this effort, we worked 

with Professor Thomas Strohmer of UC Davis to develop next generation tomographic reconstruction algorithms 

optimized for limited projection fields and unfavorable geometries. Two new algorithms, the Sparse Tomographic 

Reconstruction (STR) and the Support Limited Expectation Maximization (SLEM) were developed and tested against 

synthetic data, as well as field data previously collected by RTVS. The algorithms were converted to native executable 

code (C with MKL functions) shortly before the MTMS was deployed for testing at BioWeek 2013. As a result of the 

limited time available for MTMS integration and testing of these new algorithms, the operation of the MTMS system at 

Dugway Proving Ground employed our standard MLEM approach. Future testing of the MTMS system will be 

conducted with the intent to quantitatively evaluate these new approaches relative to our MLEM-based tomographic 

reconstruction algorithm. We note that an MLEM reconstruction of an average cloud size (i.e. 14 vertical slices) takes 

~ 5 seconds on the MTMS tomography station. 

User Interface 

The AIRIS-WAD control software and Graphical User Interface (GUI)
5
 were modified to display MTMS data in an 

alternate display mode.  Examples of real-time displays are provided in Figure 11 as part of the discussion associated 

with the MTMS performance at BioWeek 2013 in Section 2. Briefly, a map view is used to show the location of each 

sensor platform in the constellation with an arrow indicating vehicle heading, along with a cone indicating sensor 

orientation and field of view. The triangulated threat bounding region is drawn on the map. Bearing to threat, range to 

threat, and mass estimates are tabulated and displayed. COM geo-referenced locations are displayed on the map each 

time an estimate is generated. The COM historical information provides the threat propagation direction.  The 

tomography station software uses a similar interface, where the binary bounding region is replaced by a heat-map 

showing the (2D integrated) threat concentration. 

2. TESTING AND PERFORMANCE EVALUATION OF THE MTMS SYSTEM 

The MTMS system was integrated and tested under laboratory conditions, in outdoor environments near our facility and 

at Dugway Proving Ground. In this section, we first discuss quantitative testing of the system to assess the accuracy of 

mass estimates and COM locations under controlled settings. In Section 2.b we discuss our analysis of the system 

performance at BioWeek 2013 which was conducted in comparison to available LIDAR data collected simultaneously 

against Triethyl Phosphate (TEP) and Methyl Salicylate (MES) continuous releases. 

a. Laboratory Experiments 

The capability of the MTMS cloud mapping, as well as the ability of the detection approach to accurately measure the 

chemical column density were initially validated under controlled conditions in the laboratory. The laboratory testing 

involved observing a range of concentrations of a chemical in an absorption cell of known path length viewed against a 

blackbody of known temperature. The cell was filled with a given mixture ratio of 1,1,1,2 Tetrafluoroethane 

(R134a)/nitrogen, such that column densities of 100-500 mg/m
2
 were achieved. Directly behind the absorption cell, a 

large surface area blackbody was heated in order to achieve a temperature differential of ~ 3 degrees with respect to the 

ambient temperature. Two AIRIS-WAD sensors observed the cell from a shallow angled geometry. GPS-access indoors 

was only available near a window and resulted in the need to embed a synthetic offset associated with the sensor 

positions. The heading information and associated heading errors were taken directly from the GPS/AHRS units and 

were used as input into the triangulation and reconstruction algorithms. 



 

 
 

 

 

Figure 8. a) Broadband image with false color overlay indicating the detection and identification of R134a gas inside the 

absorption cell. b) Tomographic reconstruction of the R134a concentration profile inside the cell using sparse column 

density data from two AIRIS-WAD sensors. The sensors observed the cell from a shallow angled geometry as indicated by 

the dashed lines in the figure. These lines represent the optical center axis of each of the sensors. 

Figure 8a shows the detection of R134a simulant at 300 mg/m
2
 as observed by one of the AIRIS sensors. Figure 8b 

shows the output of the reconstruction algorithm. The R134a-filled cell was accurately mapped in three dimensions with 

the COM location estimated with ~5% error. Mass estimates were generated via two methods: 1) using single sensor 

column density data in the 2-D image and the estimated range to cloud to derive the size of the projected pixel at the 

cloud position, and 2) using the reconstructed concentration profile and integrating over the 3-D volumetric output from 

the CT algorithm. Using single sensor data, the system produced mass estimates with an RMS error of ~ 22%, while the 

total mass derived from the 3-D reconstruction was estimated with an RMS error of ~ 8%. These results show that the 

2-sensor fusion via CT reconstruction improves the accuracy of the total mass estimate.  

The fully integrated MTMS system was also evaluated in outdoor conditions prior to participation at BioWeek 2013 in 

order to insure that all subsystems were functioning correctly and COM and threat propagation estimates were within the 

acceptable range dictated by the system requirements. In the next section, we discuss the field results and system 

performance achieved at BioWeek 2013. 

b. BioWeek 2013, Dugway Proving Ground 

The full MTMS capability was evaluated by observing chemical releases at Dugway Proving Ground as part of BioWeek 

2013 (July 30 – August 2). The MTMS was installed and configured on Target S as shown in Figure 9a. All data 

acquisition was conducted while the vehicles were stationary during releases, though the sensor units were moved into a 

different configuration for the last two days of the test. This paper focuses on results obtained in the configuration shown 

in Figure 9. 

As illustrated in Figure 9a, the center lines of sight of the sensors to the release point formed a shallow angle of 

~ 45 degrees. AIRIS 1 sensor was positioned 1.42 km from release point, while AIRIS 2 was 1.16 km away. The AIRIS 

1 sensor was set up to perform a 3-sector scan for a total coverage of 90° with an absolute bearing from 157° to 247°. 

The scan associated with AIRIS 2 sensor was 120° (4 sectors) with an absolute bearing from 207° to 327°. A panoramic 

view of the grid as observed by AIRIS 2 is shown in Figure 9c. 

 



 

 
 

 

 

Figure 9. a) Two-sensor MTMS test configuration. b) MTMS sensor station mounted on mobile platform. c) Panoramic 

view as seen from AIRIS 2 location. 

The AIRIS 1 station was co-located with a LIDAR system. Cloud mapping data from the LIDAR were made available 

and were used in the comparison of the cloud characterization results obtained by the passive MTMS system to those 

derived by the LIDAR. The West Desert Light Detection and Ranging (WDL) system provided detection, tracks, and 

location of the clouds as they propagated across the test area.  The WDL operated by sending out pulses of laser light 

and measuring return signals of elastic backscatter versus range as the light pulse interacted with atmospheric molecules 

or aerosol clouds.  The WDL used a collection of 14-inch telescopes, operating at 1064 nanometers (nm), and was 

capable of scanning ±175° in azimuth and -5° to 45° in elevation with a maximum velocity of 10 degrees/second.  The 

WDL produced three-dimensional data from clouds through raster scanning. 

The passive MTMS system observed a total of 8 chemical releases. The chemicals were released using continuous flow 

for ~ 10 min total time at release rates of 1L/min or 2L/min. The MTMS acquired data on the following: 1) Four TEP 

releases (one at 1L/min, and three at 2L/min), and 2) Four MES (one at 1L/min, and three at 2L/min) releases. As shown 

in Figure 10, a simple Gaussian dispersion simulation indicates that low column densities (< 200 mg/m
2
) downwind of 

the release point were expected at these flow rates. This level of simulant concentration, in combination with the 

observed low thermal contrast (< 3 degrees ∆T), yielded cloud detection conditions that approached the sensitivity limit 

of the AIRIS-WAD sensors.  

The MTMS system correctly detected, tracked and reconstructed 3 out of 4 TEP releases. One TEP release was detected 

only by a single sensor unit. As a result, insufficient cloud information was available for MTMS fusion in the form of 

cloud triangulation and tomographic reconstruction. The MTMS system did not detect any of the MES releases with the 

available spectral basis set. The MES reference spectrum available as part of the detection and identification algorithm 

was based on the MES absorption characteristics. It is likely that MES was present as an aerosol during all four releases. 

Additional analysis of MES releases based on simple change detection (i.e. differential between pre-release cube and 

data collected during release) did not reveal any noticeable differential signal. Below, we discuss in detail the MTMS 

capability for cloud characterization and tracking during one of the TEP releases, which is referred to as BW14. 



 

 
 

 

 

Figure 10. Horizontal column density output from a Gaussian dispersion model, assuming a TEP release at 2 liters/min 

under 2.5 m/s wind speed, slightly unstable atmosphere, 3 m release height with no reflection at the ground. 

 

Figure 11. Real-time output of the MTMS system. Top: Individual sensor detection and identification of the cloud, along 

with azimuth and elevation. Bottom: Tomographic reconstruction map with tabulated cloud information (COM absolute 

geo-location, COM history/track, size of cloud (Northing, Easting, Elevation). 



 

 
 

 

TEP BW14 run was a 2 L/min release for a duration of ten minutes. Figure 11 shows the detection of the TEP cloud as 

generated by each of the sensor units in the MTMS constellation at 1:23 minutes after initial dissemination. Figure 11 is 

a series of screen shots of the MTMS user interface which provides the following information: 1) Cloud detection (false 

color overlay), cloud identity, and cloud azimuth and elevation (see Figure 11 top), 2) Cloud reconstruction displayed on 

a 2-D bird’s eye view map indicating COM absolute geo-location and cloud contour, size of cloud in meters and 

estimated mass (see Figure 11 bottom). The user is able to toggle between these displays, with the information relevant 

to the reconstruction available on the tomography station.  

 

Figure 12. (Left) MTMS reconstructed cloud profile and estimate of the COM location 1:27 minutes after the TEP release 

was initiated. For comparison purposes, the LIDAR generated cloud contour at 1:27 minutes after release is also shown. 

(Right) Zoomed-out view of the reconstruction showing cloud location relative to the two MTMS AIRIS sensors and the 

LIDAR system. 

Figure 12 (left) illustrates a detailed reconstruction of the TEP cloud at 1:23 minutes after onset of the release. Figure 12 

(right) is a zoomed out view of the reconstruction grid in order to provide a visual in the context of the MTMS sensor 

positions. The 3-D reconstructed cloud is integrated vertically and displayed on the 2-D map.  Superimposed on the 

MTMS reconstruction is the contour generated by the LIDAR system available at 1:27 minutes after start of the release 

and within 4 seconds of the MTMS output. MTMS estimated the COM location to within ~ 56 m from the release 

location registered in the Test Director’s log. The tip of the cloud distribution generated by the passive MTMS system is 

within 20 m of the LIDAR output, but both are offset from the release location indicated by the Test Director. The 

2-sensor MTMS reconstruction of the cloud is stretched along the AIRIS 1 viewing axis and is significantly different 

from the LIDAR result. Similar differences were observed in the other contours generated throughout the duration of the 

BW14 release. We attribute this error in reconstruction to the following: 

• The MTMS/cloud geometry was not favorable to 2-sensor reconstruction with a limited angle (~45°) available 

between the sensor projection views. This angle is less than the ideal 90° configuration for 2-sensor fusion. 

Furthermore, there are inherent reconstruction errors associated with processing limited 2-sensor projection 

data.
3
 

• The encountered low column density and low thermal contrast conditions resulted in low pixel column density 

(CD) estimates, especially in AIRIS 1. Figure 13 shows the estimated column density across detected pixels for 

both AIRIS 1 and AIRIS 2 at different elevations above the ground. It can be observed that the AIRIS 1 CD 

values are significantly lower than those generated by AIRIS 2. This finding is opposite to what would be 

expected given the projection of the cloud onto the 2-D image plane of AIRIS 1. The cloud vector has a strong 

propagation component towards AIRIS 1. As a result and in contrast to the measurement, AIRIS 1 would be 

expected to observe a higher column density than AIRIS 2 due to the longer integrating pathlength through the 

cloud. An analysis of the available thermal contrast in both AIRIS 1 and AIRIS 2 showed that AIRIS 1 was 

subjected to a lower temperature difference between the background and the ambient temperature than AIRIS 2. 



 

 
 

 

These conditions likely resulted in low AIRIS 1 column density estimates which are inconsistent with the cloud 

propagation behavior. 

• As illustrated in Figure 10, the 2 L/min release rate likely yielded detection conditions that were at or below the 

detection sensitivity of the AIRIS sensors. This condition resulted in missed detections and overall low mass 

estimates, which further contributed to errors in the contour of the cloud generated by the CT reconstruction 

algorithm when compared to the LIDAR result. Furthermore, as previously observed with RTVS, low mass 

recovery is typically due to additional factors: 1) Inefficient mass dispersion coupled to low vapor pressure of 

TEP, 2) Significant mass entrainment into a very low layer where passive standoff detection is least effective, 

and 3) Material falls to the ground and undergoes slow evaporative process resulting in low observable 

concentrations. Figure 14 shows the total mass of the TEP cloud as a function of time after the start of the 

BW14 run. The MTMS system was able to continue detecting the cloud for an additional 4 minutes after the 

release was stopped. The maximum recovered TEP mass at any time during the acquisition was 0.6 kg which is 

~ 3% of the total TEP amount released (~ 21 kg). The integrated total mass detected over the duration of the 

release was 4 kg.  

 

Figure 13. Estimated TEP column densities at three different elevations above the ground for both AIRIS 1 and AIRIS 2 

sensors. The column density estimates are associated with AIRIS observations at 1:23 minutes after start of the release. 

 

Figure 14. Total TEP mass estimated by the MTMS system as a function of time. 

The errors in the reconstructed cloud contours did not however impact the ability of the MTMS system to accurately 

predict the track of the cloud. The MTMS system generated a cloud track based on a linear fit through the COM 

locations estimated over time. Figure 15 shows the analysis of the BW14 track predicted by the passive MTMS system 

in the context of both the LIDAR result and the recorded wind direction. It can be observed that MTMS predicted the 

TEP track at 144° which is ~4° off from the LIDAR result and ~11° off from the measured wind direction. This result 

indicates that the MTMS provided accurate BW14 cloud characterization data using only two passive sensors in the 



 

 
 

 

system constellation. We continue to analyze, in the context of the LIDAR output, the MTMS results associated with the 

other detected TEP runs. These results will be reported in the future. 

 

Figure 15. BW14 track prediction using the 2-sensor MTMS system along with the LIDAR estimated track and measured 

wind direction. 

3. CONCLUSIONS 

We developed, integrated and tested a mobile 2-sensor passive system for chemical cloud characterization and tracking. 

The new capability consists of hardware for sensor pointing and attitude information which is made available for 

streaming and aggregation as part of the data fusion process for threat characterization. The MTMS prototype was 

designed to provide real-time critical information for the protection of the warfighter.  By providing chemical agent 

identification, absolute geo-location, extent, track and 3-D concentration profiles, the MTMS can be key to the 

development of real time Battlespace Awareness.  It enables maneuver elements to avoid Chemical Agent clouds, or to 

assume the correct level of protective posture before traversing the contaminated area.   

The MTMS prototype was evaluated in both laboratory conditions and at Dugway Proving Ground during BioWeek 

2013. Under controlled testing conditions, the system demonstrated the ability to estimate the total mass of an observed 

plume with ~ 8% RMS error, while generating estimates of the COM location and plume size with errors of ~ 5%. 

During BioWeek 2013, the MTMS system was able to detect, track and reconstruct 3 out of 4 observed TEP releases 

even under low column density and poor thermal contrast conditions. None of the four observed MES aerosol releases 

were detected with the MES absorption-based spectral basis set available. An in-depth analysis of the TEP BW14 release 

was conducted in the context of the results provided by a co-located LIDAR system. The passive MTMS system 

predicted the cloud location to within 20 m of the LIDAR result and provided a cloud track that was 4° off from the 

LIDAR output. The MTSM 2-sensor tomographic reconstruction process generated cloud contours that were different 

than the ones provided by the LIDAR system.  As reflected in the accurate track prediction, the COM location estimates 

as a function of time were not impacted significantly by these reconstruction errors. However, we attribute the loss of 

reconstruction fidelity to several factors: 1) ill-posed geometry for 2-sensor reconstruction in conjunction with inherent 

CT errors resulting from limited input data, and 2) missed detections and low column density estimates in the field of 



 

 
 

 

view as a result of low release rates and poor thermal contrast that resulted in detection conditions that were at or below 

the sensitivity limit of the AIRIS sensors.  

Two new tomographic reconstruction algorithms were developed as part of this effort, but were not tested sufficiently 

prior to BioWeek 2013. As a result, the MTMS system used a variant of our MLEM-based approach first implemented 

on the RTVS system. The new algorithms were designed to improve the reconstruction fidelity under limited projection 

fields and unfavorable geometries such as those encountered at BioWeek 2013. An initial analysis using simulated and 

previously collected RTVS data showed that the new algorithms did not offer a significant performance advantage over 

our standard MLEM approach. We continue to analyze the BioWeek 2013 data using these algorithms to assess 

improvement in reconstruction fidelity. 

The performance of the MTMS system demonstrated at BioWeek 2013 was consistent with the system requirements 

defined in collaboration with the US Army. The system demonstrated the ability to provide accurate threat 

characterization in real time which can be of significant value to the broader goal of Battlespace Awareness. 
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