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ABSTRACT

The discrimination of scene elements in polarimetric and in non-polarimetric images is governed by both
environmental and instrumental factors. These factors consist of systematic elements, which are dealt with
by means of appropriate calibration, and random errors. In the case of imaging polarimetry, the Stokes
parameter images are calculated from images obtained with orthogonal orientations of the linear polarizer
about the optic axis. For the Stokes images to contain significant information, the orthogonal, registered
image pair from which the Stokes images Si and 52 are calculated must be significantly different.
Misregistration of the orthogonal input images also impacts the correlation of the resulting Stokes image to
scene elements. The system MTF, sampling pattern and geometry further impact the discrimination of
features in the scene. These factors are discussed. The effects of systematic and random error sources on
resolved target discriminability from clutter background is considered in depth. While the issue of spatially
unresolved target detection is considered, it does not form a major component of this discussion. The intent
of these considerations of the physics and phenomenology of imaging polarimetry is to progress towards
the predictive modeling of target discriminability. This will aid in sensor design and mission parameter
optimization.

1. INTRODUCTION

Laboratory measurements involve very small samples: typically no more than three or four centimeters
across, possibly smaller. Imaging sensors used in remote sensing or in automatic target detection typically
have a ground resolution of im diameter or often considerably larger. Ground cover is typically
heterogeneous, so that it is difficult to relate laboratory measurements of smaller homogeneous samples to
images based upon ground sampling of much larger areas of heterogeneous cover. The variability in the
optical properties of ground cover depends entirely on the constitution, topography and degree of
heterogeneity of the ground cover, as well as on the size of the region of interest selected. Each element of
ground cover in the ensemble will have a different polarimetric spectral reflectance and emissivity
indicatrix so that clutter variability and target-to-background contrast, or feature-to-feature contrast will
depend very much on wavelengths and on geometry. There is a spatial averaging effect: the smaller the
sensor Instantaneous Field of View (IFOV) the less spatial averaging, and the greater the clutter radiance
variability. We can reduce this variance by reducing spatial resolution, and so perform an averaging:
sometimes this is a useful and cost-effective thing to do.

Thus, there is a balance' between reducing clutter variance by degrading spatial resolution, and reducing
target-to-background contrast for small targets, since small targets will occupy only a small portion of the
IFOV. The radiance recorded from each IFOV is recorded as one pixel. The reduction in spatial resolution
can be useful in reducing noise in maps produced from remotely sensed image data for applications such as
land use mapping. The scene elements to be mapped in such cases are large, and consist of many pixels so
that spatial resolution is not a significant problem. However, for spatially unresolved (sub-resolution) target
detection against a clutter background, the reduction in spatial resolution can mean failing to detect a target
unless the bandpasses used by the sensor, and the conditions under which image data is acquired maximize
the contrast between a pixel containing a target and the clutter background due to spectral differences of the
target from clutter elements.

For the detection of spatially resolved targets, filling many pixels, we must identify uncorrelated
bandpasses in which the contrast between pixels containing the target and those containing clutter
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background is maximized. In the case of spatially unresolved (sub-pixel) targets, it is essential to use a
sufficiently high spatial resolution (small IFOV) to ensure that the presence of a target will make the pixel
containing that target predictably discriminable from the clutter background. There is an interaction
between spatial and spectral resolution.

Imaging with broad spectral bandpasses will fail to record fine spectral detail in the scene. For example,
imaging with a panchromatic film makes it very difficult to see subtle differences in hue and saturation in
scene elements. Contrast between scene elements, which may occur in hue and saturation can be missed in
a panchromatic image. Therefore for spectral typecasting, it is important to match the spectral resolution of
the sensor, and the bandwidths and center-band wavelengths to the spectral detail in the scene elements to
be discriminated and mapped.

2. METHOD
2.1 Interaction of the sensor PSF with the nature and spatial distribution of scene contents

Each pixel on an image represents the recorded radiance given by a convolution of the reverse point spread
function (PSF) and the upwelled radiance from the ground, modified by the atmosphere. This has been
dealt with by (e.g.) Duggin (1985, 1986): the upwelled radiance at ground level is a convolution of the
spatial distribution of the sensor response across the instantaneous field of view (IFOV) and the upwelled
radiance from each scene element contained within the IFOV. An optical system is reversible (Hecht 1987).
A point source on the object plane gives rise to a point spread function on the focal plane: this is described
by the Airy pattern. Each point on the focal plane (FPA) records radiance from a reverse point spread
function on the object plane. Therefore, to very close approximation, radiance recorded by each imaging
element on an FPA (and recorded on an image as one pixel) is a convolution of the sensor reverse PSF and
the upwelled radiance from the ground. Irrespective of whether an electro-optic scanner or framing CCD
camera are used to image the ground, the areas imaged, and recorded as adjacent pixels on an image
overlap. This is referred to as oversampling. Each single band image recorded by a sensor consists of a
matrix of pixels, each of which has a uniform grayness (digital recorded radiance level). Each pixel is an
average given by the convolution of the reverse PSF and the upwelled radiance. This is shown in figure 1
(Dugginl985). The central lobe integrates about 86% ofthe recorded upwelled radiance for each pixel. The
outer lobes (rings) of the reverse PSF will convolve with areas, which will occupy regions recorded as
nearest neighbor, or next-nearest neighbor pixels.

CONVOLUTION OF REAR.PROJECTED PSF WITH UPWELLED RADIANCE

Figure 1 . The reverse point spread FROM SCENE CONTENTS WITH VARYING SPATIAL DISTRIBUTION AND
. . HETEROGENEITY

function (PSF) ofthe sensor is shown,
together with differing radiance levels
upwelled from different elements of a
heterogeneous scene. The result of Sensor
the convolution ofthe reverse PSF response

and the upwelled radiance depends
critically upon the nature,
heterogeneity and spatial distribution

Position ofof the scene elements. unresolved
target in GIFOV
impacts
discriminability

Consider (Duggin 1986) the recorded response at pixel position (x, y) in an image, which corresponds to
position (X, Y) on the object plane. The Reverse PSF is defined by the function (X, Y; x, y), which relates
a point on the object plane and a corresponding point on the image plane though the optical center of the
sensor optics.
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The recorded radiance level at pixel (x,y) on the focal plane is given for the reflective region by the
following equation (1):
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Where (LS®r)A(xy) 5 output for pixel (x,y) in bandpass r at polarizer angle ® over cover type A

tx y (x, Y;x, y, 2) the reverse (rear projected) PSF for the imaging system

E(9, q, 2) is the spectral global irradiance on the area imaged in pixel (i,j)
g(X,Y) is the delta function: has value 1.0 ifcover type n present at (X,Y)
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, ,%) is the spectral path radiance

T(2)r is the spectral response ofthe sensor across bandpass r

A similar equation may be obtained for the emissive and for the mid-wave JR spectral regions. There is
generally oversampling of the imaged area. The rear-projected PSFs for each GIFOV overlap, so that
portions of each sampled ground IFOV appear in nearest and in next-nearest neighbor pixels. Similarly,
gaps between GIFOVs are not sampled, and do not contribute to image pixels. For polarimetric images,
misregistration between sampling grids for orthogonal Stokes image pairs gives rise to a false edge
enhancement, giving false clutter. We must know the sampling grids for the orthogonal image pairs to be
certain that coverage is complete, and to be sure that we don't have gaps in coverage. We need to perform
modeling studies to determine for various spatial resolutions, cover types and geometries, what the impact
of misregistration is on apparent clutter statistics. We need to know the constraints on registration for the
images from which the Stokes parameter images are calculated.

2.2 Systematic and random errors and their impact

There are systematic and random errors in measurements made in the laboratory or in the field. These
errors control SNR and must be understood, since they limit target discriminability, recognition,
confirmation and identification. The systematic errors (instrumental and environmental) can probably be
corrected for by calibration, providing we have enough experimental information to understand functional
dependencies. The random errors (variations in nature and heterogeneity of ground cover, atmospheric
variations, local topographic variations, shadow, etc) cannot be corrected for, but need to be measured to
place accuracy estimates on extracted information. Clutter variance will vary with the scene element optical
properties, with view and illumination (VIS-NIR) geometry and spatial resolution. It controls SNR. A
better measure is the coefficient of variation (Standard deviation divided by mean). We need to know
whether and to what extent the clutter coefficient of variation depends on bandpass, geometry, cover type
and topography. In this discussion, we limit ourselves to the case of spatially resolved targets, represented
by many image pixels.

Predictive modeling and analysis can show when, whether, and to what extent imaging polarimetry adds to
conventional imaging. Such models must include systematic and random error estimation to enable SNR

Proc. of SPIE Vol. 5432     45



prediction. It will be possible to determine feasibility, to know when and to what extent we are limited by
random variance, and how to work the systematic variations to our advantage.

Some of the systematic (mostly sensor) errors may be considered in a deterministic manner once we
measure them. The random variances (environmental variations, system noise) may be considered in a
stochastic manner once we understand them. A combination of these errors and variances need to be dealt
with in an image-based, interactive performance model that enables a complete set of "what if'
calculations.

The reason for field and laboratory measurements is to form predictive regression equations for
polarimetric variables recorded from various terrain cover types. This will permit modeling of systematic
instrumental and environmental variations. We can then determine the magnitude of the coefficient of
random variation in recorded polarimetric variables, and consequent impact on SNR, which will impact the
efficiency of information extraction for manual and for automated image analysis.

There will be variance in the measured pixel radiance values for the scene. This will be due to variance in
environmental variables, which will cause variance in the measured polarimetric parameters for each region
of interest. These include variance in global spectral irradiance (VIS-MWIR) (cloud type/position will be
important), and variance in the anisotropic goniometric bidirectional spectral polarimetric reflectance
function (VIS-SWIR) and for the spectral polarimetric emissivity function (MWIR-TIR). Also important
are the dependence on geometry and location within the image of spectral polarimetric atmospheric
transmission and path radiance, and systematic and random variations in time and across the focal plane in
sensor polarimetric and radiometric response.

2.3 The statistical significance of the S1 and S2 images

The only time that the polarimetric variables S1 and S2 are significant is ifthe differences between the mean
values of the intensities measured over any region of interest with the linear polarizer at orthogonal angles
® about the optic axis (00and 900, 45° and 135°) are statistically significant. Only then will change over any
area be seen as the linear polarizer rotates. What we require is that the rotation of the polarizer produces
different recorded radiometric change over target and clutter regions. For S1 to be statistically significant,
then the difference between the mean image values L90 and L0 over any area in the scene must exceed half
the width of the confidence interval on the difference of the means of L90 and L0 at some predetermined
level ofconfidence. For S2 to be statistically significant, then the difference between the mean image values
of L135 and L45 must exceed halfthe width ofthe confidence interval on the difference ofthe means of L135
and L45 at some predetermined level of confidence. This reasoning was discussed by Duggin (1 974, 1985,
1986). The confidence interval on the detected mean difference in polarimetric observable SL® (polarizer
angle ®) between n pixel pairs consisting ofcover types A and B in bandpass r is given by:

-(2)

Where HW is halfthe width ofthe confidence interval at level m on the difference ofthe mean values of the
polarimetric observable SL® given by:
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Where is the student t factor.

SNR is used to denote the ratio of the difference of the mean values of the regions of interest (ROIs) over
the areas to be discriminated (signal) to the half-width at the pre-selected level of confidence (random
noise):
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