
The ability to detect ice on airplanes or roadways 

and land mines in fields of nibble would save many lives. 

Imaging polarimetry provides one basis for such 

detection methods. These and other applications 

are discussed in this article. 
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Conventional imaging measures the intensity of the 
radiation reflected or emitted by an object; the spa
tial variations in this intensity across the object are 
used to produce its image. In addition to its inten
sity, imaging polarimetry measures the polariza
tion properties of this radiation. The spatial varia
tions in these polarization properties can be used 
to generate high contrast images even in cases 
where contrast is small. 

Radiation intensity emitted by an object can be considered 
to originate just below the object's surface,1 and this radiation 
can be considered to be unpolarized and may be described as 
two orthogonal, naturally incoherent, linearly polarized com
ponents. As the radiation propagates toward an observer (or 
detector) it must pass through an interface, which typically has 
two distinct indices of refraction. The transmission coefficients 
for the two orthogonal polarization states differ according to 
Fresnel's laws, and thus, after passing through the interface, the 
radiation has a non-zero net polarization (except for the case of 
normal incidence). The degree to which the light becomes 
polarized is dependent on the incidence angle, with larger 
angles producing higher degrees of polarization. Reflected radi
ation develops a net polarization due to the difference in the 
reflection coefficients for the two orthogonal polarization 
states. 

The polarization signature of an object depends on its mate
rial composition, as well as its surface geometry. As a result, an 
object's measured polarization signature contains more infor
mation about it than amplitude imaging alone. So, polarized 
imaged objects often contain more information about an 
object's shape and material composition (as various materials 
are highlighted differently). These polarimetric imaging prop
erties provide a number of key benefits beyond those of con
ventional amplitude imaging: Polarmetric imaging provides 
highly resolved images even when there is little or no intensity 
contrast in the scene, and the inherent ability of polarimetry to 
highlight (or suppress) various types of material can improve 
the signal-to-noise (or signal-to-clutter) performance of detec
tion systems. 

Polarization overview 
Light that is reflected by, or transmitted through, a dielectric 
interface obeys the laws of reflection and refraction. Orthogo
nal polarization states are reflected (or transmitted) with differ
ing intensities as described by the well-known Fresnel's equa
tions. Thus, for example, unpolarized light can develop a net 
polarization after reflection from a dielectric surface. 
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or -45° relative to the reference axis of the measurement 
system. Positive values indicate polarization at 45°, nega
tive values at —45°. S3 is the tendency for the light to be cir
cularly polarized. Positive values for S3 indicate that the 
light tends to be right-hand-circular polarized, while neg
ative values indicate that the light tends to be left-hand-
circular polarized at 90° relative to the reference axis. 

The Stokes parameters are defined in terms of the 
tendency for light to have a certain polarization proper
ty; however, collectively they do quantitatively describe 
the complete polarization properties of light. The 
Mueller matrix describes how the Stokes parameters of 
an electromagnetic beam are transformed while propa
gating through a medium or the interface between two 
media. This matrix is comprised of 16 elements in a 
4 X 4 array. The resulting Stokes vector, So u t, is related 
to the initial Stokes vector, S in, by 

M s y s t e m is the Mueller matrix describing the optical sys
tem through which the light is propagating. The Mueller 
matrix elements of an optical system will be wavelength 
dependent and a given Mueller matrix is only valid for a 
specific wavelength, λ. Integrating the above relation 
over the wavelength range of interest is required when 
dealing with broadband radiation. In doing so, both the 
Stokes vector and Mueller matrix elements must be 
treated as functions of λ. 

Polarimetric imaging sensor systems 
Several different camera technologies have been devel-Interactions of light with dielectric interfaces can 

result in a number of effects beyond those 
described above. Birefringent materials have 
the ability to convert linear polarized light to 
circular polarized light, as well as to convert 
circular polarized light to linear polarized 
light. Some interactions will tend to change 
the degree to which light is polarized while 
others may rotate the axis of polarization. 
The polarization properties of light and the 
transformation of these properties during 
propagation through a medium or interface 
can be described through the Stokes vector 
and Mueller matrix formalisms. 

The polarization properties of electro
magnetic radiation can be completely 
described by the Stokes vector, S. This vec
tor consists of four real elements referred to 
as the Stokes parameters and defined as, 

S0 is simply the intensity of the light, and S1 

the tendency for the light to be polarized at 0 
or 90° relative to the reference axis of the 
measurement system. Positive values for S1 

indicate that the light tends to be polarized at 
0°, while negative values indicate that the 
light tends to be polarized at 90°. S2 is the 
tendency for the light to be polarized at 45°, 

Figure 1. Images of ice on a small section of an aircraft wing. Water is sprayed on a 
cold section of the wing then placed in a freezer. The superiority of polarimetry for 
detecting ice on an aircraft wing is shown in the polarimetry image and enhanced by 
colorization in the pseudo color image. 

Figure 2. Images of ice on roadway concrete. A large section of a con
crete bridge supplied by the Minnesota DOT was placed in a cold cham
ber. The dark portion of the amplitude image is ice, the white portion of 
the polarized image is ice. The polarized image produces a well-defined 
image of ice compared to the amplitude image. 

Figure 3. Images of inert surface laid mines and unexploded ordnance. The polarized 
image and the intrapolarimetric fusion image illustrate the ability of imaging polarime
try to enhance resolution of land mines when contrasted with the amplitude image. 

Figure 4. Long range images of anti-tank and anti-personnel mines in a vegetated field 
viewed from a 300-ft tower. Both the polarized image and the intrapolarimetric fusion 
image clearly show the land mines in contrast to the amplitude image. 
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oped to measure polarized properties, including visible, 
mid-wave IR, and long-wave IR real-time polarimetric 
cameras. The polarimetric camera systems have been 
used to collect data for experiments focusing on the 
detection of ice on aircraft, ice on roadways, surface and 
buried land mines, and vehicles in vegetation. Each of 
these uses is discussed below. 

Ice detection on aircraft surfaces 
Ice on aircraft wings and other critical aerodynamic sur
faces poses a great aviation safety hazard and has been 
identified as the cause of several fatal airline crashes. A 
recent report also suggests that most unresolved aircraft 
crashes can be attributed to ice formation on critical 
aircraft surfaces. The accurate detection of ice on 
aircraft surfaces is paramount to airline safety and 
numerous projects have been undertaken to improve 
the airlines' capability to accurately assess the condition 
of an aircraft prior to departure. 

Imaging polarimetry operates on the principle that 
the signature of ice, due to its crystalline structure, is 
distinct from fluids and aircraft surfaces (bare alu
minum, paint, etc.). The system measures the signature 
of the radiation emitted by the aircraft's surfaces and 
analyzes them for the presence of ice. Because the sys
tem is an imaging system, it can quickly scan the entire 
aircraft for ice and provide a "go/no go" indication 
before committing an aircraft to take-off. False coloring 
of the contaminated area indicates the presence of ice 
(see Fig. 1). 

The data used to generate the images in Figure 1 
were obtained by placing a small section of an aircraft 
wing and camera in a freezer. The ice, barely discernible 
in the amplitude image, is much more evident in the 
polarized and the pseudo colored (polarized) images. In 
the polarized images, light imaging indicates more 
polarization while dark imaging indicates less. Other 
work has demonstrated that ice can be differentiated 
from deicing and other fluids that might be on aircraft 
wings. 

Ice detection systems could be established at aircraft 
terminals to check aircraft surfaces close to take off, on 
mobile deicing vehicles located near aircraft take-off 
areas, or installed on the aircraft itself. 

Ice on roadway pavement 
As on aircraft surfaces, ice reflects unique signatures on 
a variety of roadway surfaces, including asphalt, con
crete, brick, and even extremely dirty conditions. The 
passive IR sensor system used to detect ice on aircraft 
can be adapted to detect ice on roadways. Figure 2 
shows data that were obtained after sunset during ther
mal equilibrium. Both images in Figure 2 show the same 
section of concrete roadway. The amplitude image, 
which is an intensity image, does not reveal the ice, 
while the polarized image shows the ice in great detail. 
Under appropriate conditions, ice thickness can also be 
measured. 

As we all know, ice on roads causes many accidents 
and deaths. Two practical applications of this technology 
could enhance driver safety: A sensor mounted on the 

front bumper of an automobile could enable a driver to 
see the conditions of the road ahead and take corrective 
action, and sensors mounted on tall poles at intersec
tions could monitor ice formation and respond by illu
minating a warning light. 

Land mine detection 
It is estimated that 126,000 persons are killed by land 
mines each year and injuries, estimated to be about the 
same number, result in a high percentage of deaths.2 

The vast majority of these injuries are to civilians, farm
ers, and children. A safe, effective method of detection 
would clear land for safe use. 

Land mine detection problems include the following 
anti-armor land mines are often buried 
anti-personnel mines are relatively small and are 
naturally concealed by vegetation 
many present-day abandoned mines contain few 
metallic components and consequently evade detec
tion by inductive detectors 
the area containing land mines is often littered with 
used ordnance, constituting a formidable discrimina
tion problem. 
Polarimetric imaging technology applied to land 

mine detection addresses these problems. The fact that 
mines are man-made and are of deterministic geometric 
regularities, versus the surrounding randomly oriented 
media, leads to high probabilities of detection and low 
false alarms when using polarization features. Personnel 
operating detection systems can do so at a distance from 
the land mines, thereby avoiding injury and saving lives. 

The images in Figure 3 show the resolution enhance
ment and clutter or background suppression capabilities 
of imaging polarimetry. Figure 4 shows polarimetric 
images of land mines taken from a 300-ft high sensor 
staging facility at Redstone Arsenal, Ala. The tower facil
ity provides a long range, downward orientation such as 
the mode in which an airborne sensor would operate. 

These figures demonstrate that imaging polarimetric 
camera technology is an innovative, successful technique 
for mine and minefield detection and discrimination. 
While standard cameras only detect the amplitude of the 
emission, polarimetry adds complementary discrimina
tion data to standard images. Intrapolarimetric fused 
images are the product of fusing three different polariza
tion images to stretch the contrast in the RGB intrapo
larimetric images. Several key benefits of polarimetry 
over standard sensors include image enhancement, posi
tive detection at greater ranges, and background clutter 
suppression. 

Vehicles out-of-doors 
The detection and discrimination of man-made objects 
in a terrain or sky background has long been a challenge 
to many groups, including law enforcement agencies 
and the military. 

In the absence of contrast between a man-made 
object, such as an automobile or a tank, and natural ter
rain clutter, conventional camera systems cannot detect 
man-made objects. Figure 5 (page 48) demonstrates an 
example of how polarimetric-enhanced images can pro-
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vide contrast. These images were collected at approxi
mately 3:00 a.m. during a time of minimum intensity 
contrast within the scene. An automobile is positioned 
so that several types of background are simultaneously 
imaged along with the car. The backgrounds include 
pavement, grass, and various types of vegetation. These 
images clearly demonstrate several key features of the 
sensor. 

The image labeled amplitude is the conventional 
image. The three remaining images represent a subset of 
the enhanced images produced by the polarimetric 
sensor. Each image demonstrates improved apparent spa
tial resolution of the scene. The polarized I image high
lights the automobile, the polarized II image highlights 
the background vegetation to varying degrees, and the 
polarized III image highlights the pavement. In the 
enhanced images, the ability to image with low 
contrast is evident, along with the increased image quality 
resulting from the improved signal-to-noise performance. 

Conclusion 
Imaging polarimetry has been tested in both the labora
tory and the field. Results indicate that many advantages 
can be seen in determining an object's shape and materi
al composition. This is a technology well suited for the 
detection of objects in low intensity, low contrast appli
cations. Imaging polarimetry provides a consistent 
signal-to-noise of the object even in very poor contrast 
conditions. The detection of ice on both aircraft and 
roadway surfaces is a good example of this. Ice is a diffi
cult object to detect due to its low emissions and con
trast. However, with polarimetry, a clear image can be 
consistently produced of the ice versus the background. 

Imaging polarimetry can be applied to many difficult 
detection problems including remote sensing and low 
contrast scenarios. For remote sensing it can help with 
reconnaissance, surveillance, terrain categorization, envi
ronmental monitoring, and the detection of sea ice. In 
other low contrast scenarios, such as sea ice sensing, 
camouflage detection, surface and land mine detection, 
and underwater imaging, it can aid in detection. Due to 
the high signal-to-clutter gained by imaging polarimetry, 
these difficult sensing applications are now feasible. 

Finally, it offers a method of sensing free from the 
constraints of intensity-dependence that inhibit the effec
tiveness of conventional sensing. 
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Figure 5. An auto and background imaged using four different 
techniques in the same location. The polarized images show more 
detail in contrast to the amplitude image. The polarized II image 
shows great background detail. 
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