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A more fundamental approach to estimate the differential phase is to use knowledge of the noise sources 
along with Bayes' rule to evolve a probability distribution according to the following recursive algorithm.
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Unexploded Ordnances (UXOs)
Unexploded ordnances (UXOs) consist of munitions such 
as rockets, artillery shells, and missiles.  They are buried 
in unknown locations and present a danger to civilians 
because of their explosive nature and their environmental 
impact.  These UXOs can be found in over 23,000 square 
miles in the US encompassing nearly 2,300 sites made up 
of bombing ranges, weapons testing sites, and munitions 
storage facilities.  

The US spent nearly $250 mill ion in 2007 to clean up 
UXOs, and i t is est imated that the f inal cost of UXO 
clearance in the US will be approximately $25 billion.

The goal of this research is to design a method that will 
build on current detection strategies.  This Bayesian filter 
based strategy will intelligently place and orient a sensor 
to more accurately and to more efficiently locate and 
identify UXOs.

Detection & Discrimination

Electromagnetic Induction Sensor (EMI)
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Adaptive Sensing
This method tries to maximize the amount of information obtained 
by the sensors.  The block diagram at the bottom describes how 
to calculate a cost that represents the estimated information gen-
erated by a trajectory.  The estimator chosen is the sigma-point 
Kalman filter.  It is a nonlinear filter that produces a state estimate 
of the UXO parameters and an uncertainty.  The optimal trajectory 
will be the trajectory with the minimum associated cost.

On the right is a cartoon depicting several adaptive sensing time 
steps.  At each time step, the algorithm takes a measurement, es-
timates the UXO parameters, and then determines a trajectory 
that minimizes the predicted uncertainty. 

Results
Simulations were run to compare the discrimination abilities of an adaptive sensing approach versus an industry  
standard grid approach.  The following MATLAB plots show a top down view of the two trajectories and their re-
sulting estimates.  Only the x and y dimensions are shown, but all 7 of the UXO parameters are being estimated.  

The next set of plots show the discrimination results.  We have three objects that we are trying to distinguish be-
tween: an UXO, a rod, and a plate.  The discrimination algorithm takes the final measurements and compares 
them to what the predicted measurements would be based on each item.  The item with the minimum measure-
ment error is the one the algorithm believes to be the actual item.  The plots below show the measurement error 
for each item.  In the runs shown, the object in the field was a UXO.  For the adaptive sensing case, the plate 
errors clearly diverged from the UXO errors, while the rod estimates stayed pretty close.  This allows the algo-
rithm to better distinguish between the plate and the rod-like objects.  The table on the right shows the discrimi-
nation error rate for the grid approach and the adaptive sensing approach, including the simulations when the 
buried item was a rod and an UXO.

Conclusion
We have developed an algorithm that builds on current UXO detection strategies.  This technique attempts to 
maximize the amount of information a sensor will collect about a specific target with each measurement.  The 
sensor presented here is the EMI sensor.  The results show that allowing the adaptive sensing algorithm to decide 
on the sensor trajectory can improve the discrimination rate of UXOs.  The next step is to perform field tests to 
validate the simulation results.  

Because of the nature of the algorithm, this technique can easily be extended to incorporate multiple sensors as 
long as good equation models exist.  Some possible future applications include:  autonomous rescue beacon 
locator, mine clearance, and autonomous docking.
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Is there something buried here? Is the item buried here an UXO?

Where and how deep is the object? What should be excavated first?

Detection asks the questions if there 
is an item buried there and where 
the item is located.  If our sensor 
cannot sense an object, then we 
cannot improve on the status quo.  
However, if the sensor can detect it, 
we can improve on the where.

Discrimination aims to identify the 
target.  If the target is identified as a 
non-UXO, it can be left in the 
ground.  If not, it will be treated as a 
potential UXO.  Once UXOs are 
identified, the next step is to priori-
tize a dig order.  If the weapon is po-
tentially a chemical weapon, then 
that needs to be prioritized over an 
item that is potentially a practice 
bomb.
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UXO

1) EMI generates a current that 
    produces a magnetic field

2) EMI shuts off magnetic field inducing
    currents inside the UXO

3) Internal currents decay creating
    secondary magnetic field

4) EMI measures the secondary 
    magnetic field
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E rror

G rid 50 7.2%

10 17.0%

20 5.0%

Adaptive S ens ing 30 3.7%

40 3.7%

50 2.8%


