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Polarization-difference imaging (PDI) has been shown to yield an improvement in the qualitative and quanti-
tative detectability of objects in scattering media. In this investigation, PDI and conventional, polarization-
blind imaging are combined to yield a novel representational scheme generally suitable for detection of targets
having a low degree of linear polarization and specifically suitable for detection and discrimination of weakly
polarizing targets in scattering media. This representational scheme meets several general criteria for opti-
mization of the presentation of low-signal image information to human observers and takes specific advantage
of the properties of the opponent-color coding used by the human visual system. © 1998 Optical Society of
America [S0740-3232(98)01902-4]
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1. INTRODUCTION
The polarization of light provides much useful informa-
tion about scenes in optical imaging, information not
available with conventional, polarization-blind
imaging.1–8 Imaging applications in which polarization
information has been used in conjunction with intensity
imaging include remote sensing,1,2,4 microscopy,3 ma-
chine vision,5,6 and target detection in scattering
media.7,8 Although polarization information has been
shown to be of considerable general utility, it remains un-
clear what approach is optimum for the collection of this
information by an imaging system and what might be the
optimum method of displaying the information to human
observers for any particular imaging application.

In this investigation a strategy is described for repre-
senting polarization information when the observed de-
gree of linear polarization is low, as is the case for the im-
aging of objects in a scattering environment.8 In Section
2 two related mappings for representing polarization in-
formation in pseudocolor images are presented. In Section
3 several general criteria for a representational system
are proposed, and the polarization→ color transforma-
tions presented in Section 2 are evaluated with respect to
these criteria. In Section 4 the novel polarization
→ color mappings presented here are compared with pre-
viously proposed transformations.6,9 The new mappings
are demonstrated to be more robust for presenting reli-
0740-3232/98/020367-08$10.00 ©
able information to human observers performing the task
of detecting targets in a scattering medium and near the
limits of visibility.

2. POLARIZATION ˜ COLOR MAPPINGS
A number of different strategies for mapping polarization
information into the parameters of a display system have
been tested in different imaging applications. Simple
gray-scale or monochromatic transformations have been
employed by many researchers,1,2,5,7 and simultaneous
analysis of polarization information from different re-
gions of the visible spectrum has been studied.4 Tech-
niques that map polarization parameters into colorimet-
ric coordinates have also been formulated9–11 and
tested.6,11,12

Colorimetry dictates that all real lights are equivalent
for the color-normal observer with specific mixtures of
three suitable primaries—the three phosphors of a stan-
dard TV monitor are examples of such color-matching pri-
maries. Thus colorimetry represents the entire range of
experienced lights as a convex cone of a three-
dimensional (3-D) vector space in which each point or vec-
tor is a particular set of values of the chosen primaries.
A standard and familiar parameterization of this space is
in terms of the parameters hue (H), saturation (S), and
brightness (B), which serve to uniquely identify any par-
1998 Optical Society of America
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ticular vector.13 For a color monitor at each pixel these
parameters can vary as follows. B (brightness) is the
pixel luminance and can vary over the operating range of
the monitor. H is the angle in an equal-luminance plane
of a vector originating in a central point chosen to repre-
sent gray, and it can vary from 0° to 360°. S represents
the length of the H vector of a particular point in the
equal-luminance plane relative to the maximal possible
length of an H vector having the same orientation or
angle; S can vary from 0 (indicating that the pixel lies at
the gray point for the particular value of B) to 1 (indicat-
ing a pure color, formed on a monitor by a mixture of no
more than two phosphors).

Bernard and Wehner9 proposed a polarization mapping
strategy that maps the three physical parameters inten-
sity (I), degree of polarization (d), and angle of polariza-
tion (u) of narrow-band light from a scene to colorimetric
parameters as6,12

I → B, (1a)

d → S, (1b)

2u → H. (1c)

A notable feature of the Bernard–Wehner mapping strat-
egy is that it takes the 3-D polarization information po-
tentially available from the scene and maps it to the full
3-D color space. The mapping strategy proposed by Ber-
nard and Wehner has been implemented by Wolff and col-
leagues in a polarization-sensitive imaging system that
produces near-video-frame-rate images.6,12

The mapping of Bernard and Wehner is well suited for
imaging scenes in normal atmospheric conditions under
typical lighting.6,12 However, the utility of directly map-
ping the angle of polarization to the colorimetric param-
eter H in strategies similar to that of Bernard and
Wehner2,10 has been questioned on the grounds that the
estimated angle of polarization can fluctuate rapidly, both
spatially and temporally, especially in images having a
small percent polarization.14 Such rapid fluctuations are
expected in the images of scenes in scattering media near
the limits of visibility. It is predictable (and demon-
strated below) that as the percent polarization becomes
small, such chromatic fluctuations appear in the repre-
sentation. These fluctuations clearly compromise the in-
formation presented to the human visual system. This
loss of potential information to the human viewer is un-
fortunate, since even images with an observed degree of
linear polarization as low as 1% or less do contain valu-
able polarization information.7,8 The representational
strategy that we will now describe avoids the difficulties
associated with mapping the angle of polarization directly
into a hue parameter and is therefore arguably more use-
ful when applied to imaging of scenes with low percent
polarization.

Most polarization-sensitive imaging systems map infor-
mation to a display coordinate that represents the degree
of polarization. In contrast, polarization-difference im-
aging (PDI) represents the difference between images cap-
tured at orthogonal polarizations.7,8 Polarization-
difference (PD) information has been shown to aid in the
detection of targets (and target features) in optically scat-
tering media. In our previous work, PD images were
transformed only into gray-scale representations, and PD
and polarization-blind, or polarization-sum (PS) (Ref. 15),
images were analyzed separately. Although gray-scale
representations have been useful, inspection of images
such as those presented in Fig. 1 reveals that represent-
ing PS and PD images in separate gray-scale maps re-
stricts the presentation of information about certain tar-
get features. To increase the total amount of information
available to a human observer in a single image of a po-
larizing scene, the 3-D nature of human color vision
should be exploited, as Bernard and Wehner proposed.
Thus, in this investigation, a polarization→ color map-
ping strategy is developed that enhances the visibility of
target features to human observers by combining PS and
PD images into a single image.

In our transformation the value of the PS intensity at
any pixel is mapped into the colorimetric parameter B, as
in the strategy proposed by Bernard and Wehner, and the
PD magnitude is mapped into the parameter S. Thus we
have

PS I [ I i 1 I' → B, (2)

PD I [ I i 2 I' → S, (3)

where PS I and PD I are the PS and PD intensities and I i

and I'are the intensities of the signal polarized parallel
and perpendicular to the analyzer axis.7,8 Because
PDIcan be positive or negative and S is nonnegative, dis-
tinct hues must be used to identify the regions in the im-
age having opposite signs. Net PD signal in the direction
corresponding to one of the polarization axes (the i direc-
tion, positive values in the PD image) is represented as a
particular value of H, and net PD signal in the orthogonal
direction (', the negative values in the PD image) is rep-
resented as the complementary or opponent value of H.
This mapping strategy for PS and PD information is ex-
plicitly informed by the opponent-colors model of human
color vision, which describes human color vision in terms
of three orthogonal signals—an achromatic signal and
two chromatic or opponent signals16—as discussed fur-
ther in Subsection 3.A.

With the analyzer fixed, PDI utilizes only two images
and thus subsamples the full 3-D polarization informa-
tion available in the scene. In the framework just out-
lined, we map this two-dimensional (2-D) information
onto a 2-D plane in the naturally 3-D colorimetric space17;

Fig. 1. Front-illuminated PS and PD images obtained at 1.4 at-
tenuation lengths. The circular disk face is readily apparent in
the PS image (A), but the scratched patches are only slightly vis-
ible and indistinguishable from each other. The scratched
patches are distinct in the PD image (B), but the circular disk
face is not clearly visible. The goal of colorimetric PDI is to in-
corporate the positive features of both A and B into a single im-
age.
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thus we call the strategy two-parameter colorimetric PDI
(2C-PDI). The choice of the pair of complementary hues
defining the plane in color space onto which a particular
PS/PD image pair is mapped represents a degree of free-
dom available for mapping additional information. At
present, we use this degree of freedom to create a family
of colorimetric representations of the scene. Specifically,
the azimuthal setting of the rotatable polarization ana-
lyzer is mapped to H according to18

2f0 → ~H, H 1 180° !, (4)

where f0 is the azimuthal orientation of the analyzer axis
measured with respect to vertical. Relations (2)–(4) to-
gether define the polarization→ color mapping that we
call 2C-PDI.

In certain applications 2C-PDI is not advantageous be-
cause of dominating features of the spatial distribution of
PS I, such as large shadow regions in an image.7,8 A one-
parameter colorimetric mapping (1C-PDI) that presents
PD information without PS information for such situa-
tions is given by relations (3) and (4) with B set to a
constant determined by user preference (typically,
B ' 0.75, with 1.0 being the maximum brightness).

The images presented here were collected with experi-
mental arrangements similar to those used previously.7,8

The images were taken of a scene composed of a target
suspended in the middle of a tank filled with a milk/water
mixture that served as the scattering medium. The tar-
get was either a 3.8-cm-diameter aluminum disk or a 2.0-
cm-diameter transparent Plexiglas sphere. Except for
two 1.0-cm2 patches, the surface of the disk was sand-
blasted, rendering it nearly Lambertian. The two
patches on the disk were lightly scratched in orthogonal
directions by using emery paper, and they reflected light
partially polarized parallel to the direction of the
scratches.19 For the back-illuminated case when the di-
electric sphere was used, the sphere partially polarized
light through refraction; the local direction of the partial
polarization was oriented in the plane defined by the local
surface normal and the direction of observation. Images
were captured by a CCD camera and digitized by an 8-bit
analog-to-digital converter operating on a PC platform.20

In this investigation the illuminating source(s) were in
one of three configurations: (1) back illumination7,8:
two tungsten filament slide projectors illuminated the
tank from behind the target; (2) side illumination8: one
projector illuminated the side of the tank so that the di-
rection of illumination was orthogonal to the direction of
view; and (3) front illumination: two light sources posi-
tioned near the camera illuminated the front of the tank.
For back- and side-illumination experiments, a 30-cm
3 30-cm 3 15-cm (;13.5-l) rectangular glass tank was
used, and for front-illumination experiments, a
44.5-cm-diameter 3 25.8-cm (;40-l) circular clear Plexi-
glas tank was used. Orthogonal polarization components
of the image-forming light were obtained with a fixed
twisted nematic liquid-crystal cell operating in conjunc-
tion with a rotatable linear polarization analyzer and a
narrow-band filter (10-nm FWHM at 610 nm) as de-
scribed previously.7 The colorimetric mappings were
performed off line [with the MATLAB (version 4.2c) soft-
ware package]. The strength of the scattering medium
was measured in terms of attenuation lengths21 of the
medium between the target and the front face of the tank,
i.e., the number of attenuation lengths through which the
image-forming light must propagate.8 Before imple-
menting the mappings presented in this investigation, PS
and PD images were scaled with an affine
transformation7,8 to ensure that the range of intensities
was transformed to use the entire available dynamic
range of the 8-bit color display. PD images were trans-
formed symmetrically: Thus, if the intensity varied from
27 to 15 in a PD image (out of a possible 6255), then the
mapped values were scaled according to PD I
5 615 → S 5 61. PS images were transformed so
that PS Imin → B 5 0 and PS Imax → B 5 1.

Figure 2 illustrates images implementing the 2C-PDI
mapping. To obtain these images, the dielectric sphere
was back illuminated; no milk was added to the water in
the tank. The target was ;0.13 attenuation length from
the front of the tank. In parts A, B, and C, the analyzer
was set at angles of 0°, 36°, and 72° from the vertical, re-
spectively. Saturated hues appear in the portions of the
images where the polarization angle coincided with the
PD axes, and unsaturated hues or polarization blind
spots9,17,22 appear where the axes of the ellipse of the po-
larized component of the radiation fall exactly midway be-
tween the two orthogonal PDI axes. The pair of oppo-
nent hues changes with analyzer angle according to
relation (4), and thus different features of the target are
highlighted chromatically. The properties of 1C- and 2C-
Fig. 2. 2C-PDI images of the back-illuminated dielectric sphere at an effective distance of 0.13 attenuation lengths. Images A, B, and
C were obtained with the analyzer oriented at angles of 0°, 36°, and 72° with respect to the vertical, respectively. 2C-PDI highlights
areas that are polarized parallel to the PDI axes and has blind spots where the light is polarized at 45° with respect to the PDI axes.
The key at the right reveals how the colors in the images map into polarization direction; for example, red represents an excess of hori-
zontal polarization and cyan represents an excess of vertical polarization.
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PDI will now be examined in the light of these results and
with respect to several generally useful criteria for a rep-
resentational system.

3. CRITERIA FOR DESCRIBING
POLARIZATION ˜ COLOR MAPPINGS AS
REPRESENTATIONAL SYSTEMS
To facilitate our analysis of colorimetric PDI, we propose
four criteria that should be met by an effective represen-
tational system, i.e., a system that reliably presents opti-
cal information to a human observer. This list is not nec-
essarily exhaustive; moreover, an effective system may
require trade-offs in optimizing for the different criteria.
Nonetheless, we propose that the following criteria be ad-
dressed in the design and the analysis of representational
transformations like those discussed here: (1) orthogo-
nal encoding, i.e., information should be presented with
as little redundancy as possible; (2) computational sim-
plicity, i.e., efficiency of implementation should be maxi-
mized; (3) anthropometric optimality, i.e., information
should be presented in a way that maximizes usefulness
to the human observer; and (4) ecological invariance, i.e.,
representations should remain qualitatively similar over
natural variation of some significant environmental pa-
rameters. Below, each of these criteria is discussed in
the specific context of the detection near the limits of vis-
ibility of targets in scattering media, and the extent to
which colorimetric PDI meets these criteria is evaluated.
To aid the analysis of each criterion, a comparison be-
tween human perception of chromatic stimuli and colori-
metric PDI representation of polarization signals is made.

A. Orthogonal Encoding
To process information with a minimum amount of redun-
dancy, it is useful to decorrelate the information in the
various sensory channels. The human visual system re-
ceives information through three photoreceptors with dif-
ferent spectral sensitivity functions. However, there is
abundant evidence that processing occurs through three
neural channels16 whose signals (at least for small inputs)
are orthogonal linear combinations of the quantal capture
rates of the cone photoreceptors of three spectral classes
when these capture rates are considered as functionals
operating on spectral energy distributions of visible
light.23 These three neural channels are referred to as
the brightness or the achromatic channel (A) and two
opponent-color channels, red/green (R/G), and blue/yellow
(B/Y). The A channel is a positively weighted linear com-
bination of the quantal capture rates of all three classes of
cones, and the two opponent-color channels are positively
and negatively weighted linear combinations of the cone
capture rates. As shown by Buchsbaum and
Gottschalk,23 the resulting spectral sensitivity functions
for the R/G and B/Y channels are mathematically or-
thogonal to each other and to the spectral sensitivity
function of the A channel when integrated against a white
spectrum in the visible range. Like the (A, R/G, B/Y)
channels in the human visual system, the PS and PD sig-
nals are orthogonal when considered as functionals oper-
ating on the ensemble of potential polarization images.22

The transformation defined by relation (2) maps the PS
image onto the A channel, and though not obvious, rela-
tions (3) and (4) map the PD image onto a linear combi-
nation of the R/G and B/Y linear opponent channels. The
latter follows because (1) S 5 0 corresponds to the
intensity-invariant gray point in the color diagram pre-
dicted by opponent-colors theory as the null space in the
3-D color cone of both R/G and B/Y channels and (2) any
line in a constant-luminance plane that goes through
S 5 0 can be expressed as a linear combination of the two
lines defined by pure R/G and pure B/Y channel activity
in the constant-luminance plane. Thus, in the mappings
that we propose, the orthogonality of PS and PD signals is
preserved in their colorimetric representations.

B. Computational Efficiency
In a detection task, a definitive and typically rapid deci-
sion about the presence of a target is called for. Thus it
is clearly advantageous for an organism to rapidly detect
and correctly identify potential predators and prey. Ex-
amination of relations (2)–(4) shows that to implement
2C-PDI, only one addition operation and one subtraction
operation are needed at each pixel. Furthermore, since
2C-PDI does not estimate the polarization state at each
pixel, PDI requires only two images to be captured for
each interval of time rather than the three images that
would be necessary to characterize the state of
polarization.2,6,9,12 Using two measurements instead of
three results in a 33% improvement in either spatial or
temporal efficiency. This computational efficiency
clearly comes at the cost of potential loss of
information,9,17,22 as demonstrated in Fig. 2 above and
Figs. 3 and 4 below, since the scene has three potential
dimensions or degrees of freedom of polarization informa-
tion. However, in a detection task in which speed is de-
sired, the extra degree of freedom is utilized off line in a
judicious choice of the PD axes—for example, by choosing
the PD axes in such a way that the signal from the tar-
getless background is minimized,8 as demonstrated in
Fig. 4B below.

C. Anthropometric Optimality
It is desirable to have a representational system that uti-
lizes as much of the available information as possible and
presents this information in a form most useful to the hu-
man observer. When viewing a RGB display, an ob-
server does not see the red, green, and blue phosphors as
discrete, local features; rather, distinct hues are created
by the human visual system from the various combina-
tions of the quantal catch rates of the three cones from
the R, G, and B phosphors. Rather than taking advan-
tage of all potentially available spectral information, the
human visual system makes a limited 3-D representation
of the local spectral distribution that nonetheless pre-
serves a great deal of the useful information.24

Like the human visual system representation of spec-
tral information, 2C-PDI does not represent all poten-
tially available polarization information. Rather, PDI
per se represents information useful for identifying target
features in specific conditions; in particular, it provides a
robust representation of objects in scattering media near
the limits of visibility.8 Increasing scatterer concentra-
tion decreases the reliability of the estimate of polariza-
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Fig. 3. 2C-PDI images of the back-illuminated dielectric sphere at an effective distance of 2.5 attenuation lengths. These images,
although somewhat degraded, have the same qualitative form as that of the corresponding images in Fig. 2.
tion parameters, especially the angle of polarization, re-
sulting in random fluctuations of the colorimetric
parameters in the images as shown in detail in the figures
below. Because the angle of polarization is not estimated
in PDI, uncertainty in the angle of polarization implicitly
present in PD I(x, y) is mapped into the color parameter
S, which the human visual system can process in a way
that allows hue information to remain useful in identify-
ing low-spatial-frequency targets and target features.
Strategies like the one proposed by Bernard and Wehner9

and implemented by Wolff and Mancini6 and Wolff12 that
estimate the angle of polarization at each pixel position
and map this estimate directly to H necessarily yield lo-
cally fluctuating hues when the uncertainty in the polar-
ization angle is high. In Subsection 3.D and in Section 4,
it is demonstrated that colorimetric PDI generates target
images that retain their qualitative properties over varia-
tion in the degree of scattering in the medium, and it is
also demonstrated that under the same conditions images
generated with the mapping of Bernard and Wehner do
not retain the same qualitative features. The mapping
strategy of Bernard and Wehner and of Wolff, which
maps the angle of polarization into hue, may nonetheless
be optimal under other conditions, e.g., when polarization
signals are larger.

D. Ecological Invariance
The human visual system has the ability to create a
stable color representation of a given object over a wide
range of illumination conditions.25 For example, a white
sheet of paper appears white under both artificial and
natural lighting, even though the spectral content and the
absolute intensity of the two sources can be quite differ-
ent. Likewise, the perceived hues of targets are quite
stable despite variations in illuminants. Ideally, a polar-
ization imaging system designed for the detection of tar-
gets in scattering media should generate representations
that are qualitatively invariant across changes in scat-
terer concentration, direction and intensity of the illumi-
nation, and maximum degree of polarization. Below, the
1C- and 2C-PDI representations are shown to be reason-
ably invariant as each of these environmental conditions
is altered.

1. Scatterer Density/Effective Distance to Target
Although the clarity of the image of a scene is expected to
degrade as the scatterer density is increased, the images
should remain qualitatively similar. Comparison of Figs.
2 and 3 reveals how images obtained with the use of 2C-
PDI degrade as scatterer concentration is increased.
Figure 2 shows 2C-PDI images of the back-illuminated
transparent dielectric sphere when viewed at a distance
of ;0.13 attenuation length with various analyzer set-
tings. In Fig. 3 2C-PDI images of the same sphere ob-
tained at ;2.5 attenuation lengths with the same ana-
lyzer settings are presented. The sharpness of the
images has degraded, but the qualitative features seen in
Fig. 2 are preserved in Fig. 3.

2. Direction of Illumination/Viewing Angle
Changing the direction of illumination can introduce sig-
nificant background polarization,8,26,27 and an effective
polarization imaging system should be able to minimize
the apparent effects of backgrounds so that targets that
produce small polarization signals can be reliably
detected.8 Images obtained with three different cases of
direction of illumination are presented in Fig. 4. Figure
4A shows the metallic target front-illuminated and

Fig. 4. Colorimetric PDI of the aluminum disk under (A) front-,
(B) side-, and (C) and (D) back-illuminated conditions. Image C
is obtained by using 2C-PDI, and image D is obtained by using
1C-PDI. Images A, B, and D demonstrate that, with the use of
1C- and 2C-PDI in conjunction, colorimetric PDI is extremely ro-
bust over varying illumination direction.
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viewed at a distance of ;3.0 attenuation lengths, Fig. 4B
shows the metallic target side-illuminated and viewed at
a distance of ;4.1 attenuation lengths, and Figs. 4C and
4D show back-illuminated images viewed at a distance of
;1.5 attenuation lengths. The 2C-PDI images for the
front- and side-illuminated images (Figs. 4A and 4B) are
almost identical in form, with a change in hue that is due
to a rotation of the analyzer (63° in Fig. 4A, 45° in Fig.
4B). 2C-PDI rejects the vertically polarized background
in the side-illuminated image by setting the analyzer to
45°,8 and the two patches are presented with a separation
of 180° of hue. For the back-illuminated case, the
shadow of the disk does not allow the 2C-PDI image in
Fig. 4C to display the polarization information effectively,
but switching to 1C-PDI yields the image in Fig. 4D with
many of the same features as those of the front- and side-
illuminated images. Figure 4 demonstrates that by us-
ing 1C- and 2C-PDI in conjunction, one obtains consistent
representations over variation in both the direction of il-
lumination and the scatterer concentration, thereby sat-
isfying qualitatively the criteria of anthropometric opti-
mality and ecological invariance.

3. Maximum Percent Polarization
In some applications it is important to distinguish be-
tween targets having different degrees of polarization.5

In a detection application, a system is designed for the
rapid identification of targets with respect to the back-
ground. Because our primary concern is with detection,
the PS and PD information is amplified by using an affine
transformation as described in Section 1.7,8 By means of
this amplification algorithm, colorimetric PDI takes ad-
vantage of the common mode rejection/differential mode
amplification feature inherent in PD images8 to preserve
the qualitative features of the image as the maximum
percent polarization decreases.

4. Effects of Rotating the Analyzer and/or the Viewing
Angle
Colorimetric PDI images obtained with the PDI axes ori-
ented parallel to the scratches have been presented
above, but the effects of rotating the analyzer in colori-
metric PDI have not been addressed. Nonideal selection
of analyzer angle does not necessarily render images un-
intelligible. For the front-illuminated case shown in Fig.
4, analyzer settings between 36° and 81° show qualita-
tively the same effects as those in Fig. 4A, but to a lesser
degree and with a slightly different set of hues. The
background polarization in the side-illuminated case re-
duces the usable range of analyzer settings, but the ef-
fects seen in Fig. 4B are apparent at analyzer settings be-
tween 36° and 54°.17

Because polarization is inherently a vector quantity,
the information is not necessarily invariant under rota-
tion of the target, as is demonstrated in Fig. 4. Any ro-
tation of the target about the viewing direction will intro-
duce, at the very least, a corresponding rotation in the
observed angle of polarization corresponding to any par-
ticular location on the target. Any representational
scheme that maps direction of polarization into a hue that
is chosen based on the measured angle of polarization in
the reference frame of the observer will possess the fea-
ture that the presented hues will vary as the target is ro-
tated. For the colorimetric PDI mappings presented
here, the hues will remain constant, so long as the ana-
lyzer is not rotated, but the representations of the fea-
tures of the target that are highlighted will change ac-
cordingly.

An issue that has not been addressed is that of neglect-
ing spectral information. Underwater, and in scattering
media in general, there is typically a narrow window of
frequencies in which light propagates with significantly
lower attenuation than in other frequency regions.27 Be-
cause there is such a narrow range of frequencies avail-
able, replacing spectral information with polarization in-
formation may result in an increase in the detectability of
targets in the final image.

4. MAPPING THE STATE OF
POLARIZATION
Mapping strategies that utilize the state of polarization—
like that proposed by Bernard and Wehner9 and imple-
mented by Wolff and Mancini6 and Wolff12 work well un-
der low-scattering atmospheric conditions when
polarization signals are relatively large. However, such
strategies lead to images that do not retain their qualita-
tive features as scattering degrades the polarization in-
Fig. 5. Problems with mapping the state of polarization. Image A presents the dielectric sphere back-illuminated at an effective dis-
tance of 0.13 attenuation length with use of the mapping of Bernard and Wehner.9 This image clearly indicates the direction of polar-
ization around the edge of the image of the sphere. Image B presents an image of the same sphere as in image A but obtained at 2.5
attenuation lengths. The scatterers have introduced an uncertainty into the measured angle of polarization, resulting in a variation in
hue in the image. Image C presents a side-illuminated view of the metallic target obtained at 4.1 attenuation lengths. The partially
vertically polarized background dominates the image, so that the patches are separated by 36° of hue rather than 180° of hue, as was the
case in Fig. 4B. The polarization parameters have been amplified in the creation of these images by using an affine transformation, as
was done for colorimetric PDI in Figs. 2–4.
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formation. Figure 5 demonstrates two problems that oc-
cur when mapping the state of polarization for a target
detection task in scattering media. Figures 5A and 5B
show images of the dielectric sphere created with the
mapping of Bernard and Wehner at effective distances of
;0.13 and ;2.5 attenuation lengths, respectively. The
increase in the concentration of scatterers causes the per-
cent polarization in target regions of the image to de-
crease. Estimation of the polarization angle u becomes
unreliable, and the value of H fluctuates randomly on a
pixel-by-pixel basis, as was predicted by Halaijan and
Hallock.14 Images in which the hue varies in a spatially
rapid manner are not suited for observation by the chro-
matic pathways in the human visual system, since the
R/G and B/Y pathways are relatively insensitive to high-
spatial-frequency signals28 like those present in Fig. 5B.
Figures 5A and 5B demonstrate that the mapping strat-
egy proposed by Bernard and Wehner9 does not achieve
ecological invariance for these experiments in this scat-
tering medium. In contrast, by performing the above-
mentioned dimensionality reduction, colorimetric PDI
maps the uncertainty in u into S (saturation), thereby
preserving the qualitative features of the image (Figs. 2
and 3).

Figure 5C is a side-illuminated image of the metallic
target created with the mapping of Bernard and Wehner.
The partially vertically polarized background described
above dominates this image, and the scratched patches do
not appear as clearly as in the 2C-PDI image in Fig. 4B.
The values of H for the patches in Fig. 5C differ by only
36° instead of 180°. For the side-illumination configura-
tion in a scattering medium, transformations that map u
directly into H do not result in a representation that is
anthropometrically optimal for a target detection task.

5. CONCLUSION
In summary, two variants of a novel strategy for mapping
the polarization information captured by a PDI system
onto colorimetric coordinates have been presented.
These two mappings can generate images that retain
their qualitative features to human observers over a wide
range of environmental conditions in the task of detecting
targets in scattering media. Four criteria have been pro-
posed for an optical polarization representational system,
and colorimetric PDI has been shown to satisfy qualita-
tively each of the criteria.
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