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Abstract: Footwear prints are important evidence in criminal investigation. They represent changes in the surface morphology
due to disturbance to fine particle distributions. Existing non-contact optical detection methods usually measure the light intensity
contrasts between the footwear prints and the ground, which can be enhanced by grazing incident illumination. We take polari-
zation images of footwear prints on different types of floors using a commercial single lens reflex color camera. Results show that
adding linear polarizers in front of the camera lens and light source improves the contrast of footwear print images. The best
contrasts are achieved in degree of linear polarization. In addition, the three-color channels of the camera can be used to examine
the spectral features of the polarization images. According to the experimental results, the best contrast is obtained at the blue
channel. The current work shows that grazing incidence polarized light imaging can effectively enhance the contrast of the

footwear prints against the floors, which would help obtain footwear evidence in criminal investigation.
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1 Introduction

When crime has been committed or initiated,
many important indications are left by criminals, such
as fingerprints, bloods, hairs, and footwear prints.
These clues play a significant role in investigation of
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the crime scenes. Fingerprints and DNA have been
frequently used to identify the crime and criminals.
However, footwear prints can provide valuable fo-
rensic evidence as well (Wagle, 2015). They reflect not
only the trails of criminals, but also plenty of personal
information, such as height, weight, sex, and walking
habits (Nakajima et al., 2000; Krishan, 2007; Li ZW
et al., 2011). Criminal investigators can infer the
personal characteristics of criminals by extracting and
analyzing the footwear prints in the crime scene
(Shaler, 2011).

Among the variety of methods to extract foot-
wear prints (Herod and Menzel, 1982; Mora and
Sbarbaro, 2005; Bennett et al., 2009; Sheets et al.,
2013), optical methods have attracted more and more
attention since they are non-contact and non-
destructive methods. However, optical images of
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footwear prints can be seriously influenced by the
surface conditions of the object, leading to ambiguity
in details of the footwear prints. Using grazing inci-
dence illumination and taking pictures right above the
samples to collect scattered light at the vertical di-
rection, one can effectively reduce the interference
due to background reflection and enhance the contrast
of the images (Renaud et al., 2009).

It has been known that for polarized photon
scattering, polarization states of the scattered light are
sensitive to the microstructure of the samples (Web-
ster, 1998; Wang et al., 2016). In polarization modu-
lation optics, such as polarizers and waveplates, the
direction of a light beam is not altered, so it is a rela-
tively simple task to upgrade an ordinary non-
polarization optical system to a polarized version by
inserting polarization optical components into the
existing optical path. There have been more and more
applications of polarization measurement in different
fields, such as marine algae probing, atmospheric
remote sensing, and bioinstrumentation (Tyo et al.,
2006; Namer et al., 2009; Ghosh and Vitkin, 2011;
Snik et al., 2014; York et al., 2014; Tuchin, 2016; Li
et al., 2018; Wang et al., 2018). Polarized light im-
aging has been used to detect and enhance footwear
impression (Bodziak, 1999).

When grazing incident light illuminates the par-
ticles, both intensity and polarization states of the
scattered light are closely related to the size, shape,
and composition of the particles (Zinov’eva, 2008;
Svensen et al., 2011; Liou et al., 2013). Due to the
difference of the scattering parameters between the
footwear print and the background surface, the po-
larization states of the scattered light are usually dif-
ferent. By polarization detection, the footwear print
and the object surface can be distinguished effectively,
thereby improving the quality of footwear print
images.

However, for many types of floor surfaces in
household and public places, footwear prints usually
do not show up clearly. The roughness parameter of
these surfaces is at the micron level (Li KW et al.,
2011), so the scattering is somehow sensitive to the
wavelength of the light (Bohren and Huffman, 1983).
In this case, a system that combines grazing incidence,
polarization, and color may serve as an extra contrast
mechanism to differentiate scattered light by particles
of different sizes and to enhance the footwear print
images.
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With the rapid improvements in the technical
specifications and cost efficiency of consumer-grade
electronics, single lens reflex (SLR) color digital
cameras become much cheap and easily available
(Shin et al., 2010). As they are battery powered,
completely portable, and of low cost, more and more
researchers have used them as components of ex-
perimental systems (Migliavacca et al., 2011; An-
derson and Gaston, 2013; Cai et al., 2017).

In this study, we combine the grazing incidence
footwear print detection method, linear polarization
illumination and detection, and an SLR color camera
to improve the contrast of images. We place linear
polarizers in front of both the illumination lamp and
the camera (Wolff, 1997), and examine in detail how
contrasts of the footwear print images are affected by
different polarizations. We also carry out Monte
Carlo simulations (Yun et al., 2009; del Moral, 2013)
of polarized photon scattering on spherical scatters
to explain the contrast mechanism in such
measurements.

2 Experimental setup

Experimental setup for the polarized grazing in-
cidence footwear print measurements is shown in
Fig. 1. The illumination light source is the wide-field
footwear print search light (Model FGZJD, Shengxin
Electronic Technology Co., Ltd., China). The light
source provides high brightness illumination by a line
of LEDs with a total power of 150 W and a total light
intensity of not less than 3500 Ix at color temperature
6000 K. The light source is designed to search over a
wide range of areas for extracting footwear prints or
other fibrous trace material evidence. When placed on
the ground, LEDs illuminate the ground at an incident
angle of 80° to 90° through the rectangular side
window of the light source. If the camera is placed
directly above the potential footwear print, such a
lighting method can effectively suppress most of the
reflected light from the ground and bring up the con-
trast of footwear print images (Fig. 1).

In this work, most footwear prints are left on the
polyvinyl chloride (PVC) floor cover, which is
commonly used in many household or public settings,
such as living rooms, porches, public halls, and cor-
ridors. Dusts and footwear prints on such types of
surfaces do not show up clearly, making it difficult to
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observe footwear prints on these surfaces by naked
eyes or ordinary photography under ordinary unpo-
larized light sources. For comparison, we prepare
similar footwear prints on two types of household
tiles bought from a nearby store (Figs. 1c and 1d). The
tiles are made of ceramic materials with rough sur-
faces for anti-slippery purpose.

(@)
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Polarizer

PSG
Polarizer light

Footwear print

A

Fig. 1  Scene design of the experimental system:
(a) schematic of the experimental setup; (b) real scene;
(c) tile 1 bearing footprints; (d) tile 2 bearing footprints

Images are taken by a commercial SLR color
camera (Canon EOS M2, 22.3 mmx14.9 mm,
3456x5184 pixels, 16-bit CMOS). In all the experi-
ments, the camera is placed about 40 cm directly
above the illuminated area by the wide-field footwear
print search light. The ISO setting of the camera is
100. The exposure value is set to 250 ps.

The above experimental setup is easily modified
for polarization imaging. A plastic polarizer sheet
(thorlabs) can be placed in front of the light source
window as the linear polarization state generator
(PSG). An ordinary polarizer filter matching the
Canon EOS M2 camera lens is used as the linear
polarization state analyzer (PSA), which can be

rotated easily without disturbing the camera focus for
taking different linear polarization components

(Fig. 2).

Polarizer Dial Camera

Lens group

Fig. 2 Photograph and configuration of the polarized
camera device

We measure the residue polarization of the CCD
using an integrating sphere (Thorlabs, 1S200) as the
non-polarized light source and a rotating polarizer to
generate linearly polarized light of constant intensity
and varying angles. Residue polarization values for
all the pixels are less than 3%. This effect is ignored
in the data analysis.

For polarization imaging, we rotate the polarizer
in front of the camera lens (PSA) and take three pic-
tures corresponding to 0°, 45°, and 90° polarization
directions. The linear part of the polarization states or
the Stokes vector components (S;, i=0, 1, 2) can be
expressed as (He et al., 2015)

S, =1(0°)+1(90°),
S, =1(0°) — 1(90°), (1)
S, = 21(45°) = 1(0°) — 1(90°).

The degree of linear polarization (DoLP) and
angle of polarization (AoP) can be obtained from the
Stokes vectors, expressed as
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3 Experimental results

3.1 Grazing incidence unpolarized illumination
and unpolarized imaging

Using the experimental setup shown in Fig. 1,
illuminating the footwear prints with wide-field
footwear print search light, and imaging the footwear
prints with unpolarized light, we obtain the light in-
tensity pictures corresponding to the three-color
channels. Fig. 3a shows the image of the blue channel.
It shows that grazing incidence illumination helps
obtain footwear prints on the PVC floor cover, but the
image contrast is not high.

3.2 Grazing incidence polarized illumination and
unpolarized imaging

We add a linear polarizer in front of the footwear
print search light and take intensity images without
the PSA. Fig. 3b shows the footwear print intensity
image under linearly polarized illumination with the
polarization direction parallel to the ground. Images
with the direction of linear polarization perpendicular
to the ground are tested, but the results are not shown
since the footwear print image does not show up
clearly. The comparison between Figs. 3a and 3b
shows that polarized grazing incidence illumination
improves the footwear print contrast.

3.3 Grazing incidence polarized illumination and
polarized imaging

We take the footwear print intensity images with
the polarized grazing incidence illumination and po-
larized imaging. Three linear polarization images are
obtained corresponding to the three rotation angles of
the PSA, i.e., 0°, 45°, and 90° to the direction of il-
lumination polarization. Fig. 3c shows the polariza-
tion component images with 0° analyzer, which has
the highest contrast among the three images. Since the
particles on the footwear print are mainly Rayleigh
scatterers, 0° polarization dominates the scattered
light if measured at 90° (scattering angle) to the

incident direction, leading to the highest contrast in 0°
PSA. Fig. 3¢ shows that images of the parallel linear
polarization component results in further improve-
ment in the contrast of footwear print images.

Using the three linear polarization component
images and Egs. (1)—(3), we can further calculate the
DoLP image (Fig. 3d). It is apparent that the DoLP
can effectively reduce the background and signifi-
cantly improve the contrast of the footprint image. We
calculate the AoP image, but do not show the results
because the contrast is much lower.

Fig. 3 Footwear print images in different experimental
conditions: (a) image with unpolarized illumination and
unpolarized imaging; (b) image with polarized illumina-
tion and unpolarized imaging; (c) image with polarized
illumination and polarized imaging; (d) DoLP image

4 Quantitative data analysis

We conduct quantitative analysis on footwear
print images. We choose the frontal part of a footwear
print since it is usually clearer and carries more fo-
rensic information on individual characteristics
(Winkelmann, 1987). We select a square in this part of
the footwear print image and another square of equal
area in the image of PVC floor cover (ground) for
quantitative data analysis (Fig. 3).

We calculate the histograms of the selected
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image areas (large dashed box) with and without the
footwear print in Fig. 3 and display the histogram
curves in Fig. 4. Iyy_r and Iyy.g represent the intensity
values of the footwear prints and the ground in the
unpolarized illumination and unpolarized imaging
condition, respectively; lpy.r and lpy.g represent the
intensity values of the footwear prints and the ground
in the polarized illumination and unpolarized imaging
condition, respectively; Ipp.r and /lpp.g represent the
intensity values of the footwear prints and the ground
in the polarized illumination and polarized imaging
condition, respectively; DoLPr and DoLPg represent
the DoLP values of the footwear prints and the ground
in the polarized illumination and polarized imaging
condition, respectively. Each pixel depth is 16. A
detailed examination of the footwear print images in
Fig. 3 and their corresponding histogram curves in
Fig. 4 helps learn how the contrasts vary in different
measurements. For unpolarized imaging, changing
the illumination from unpolarized to polarized light
does not affect the image of the ground. Contrast
enhancement is achieved by slight increase in the
scattering intensity of the footwear print. For detec-
tion of the parallel linear polarization component, the
increase of contrast is due to the reduction of back-

ground in images of the footwear print and the ground.

In the DoLP image, the decrease in the footwear print
and the ground is even larger, resulting in significant
enhancement in contrast.

To quantitatively examine the experimental re-
sults, we calculate the contrast ratios between the
footwear print (small dashed square in Fig. 3) and the
ground (small solid square in Fig. 3) under different
imaging conditions. We take the red, green, and blue
channel data and calculate the contrasts correspond-
ing to different wavelengths. Results are listed in
Table 1. Contrasts are calculated using the following
definition:

a-b

C= s
a+b

)

where a and b represent the intensity mean values of
the footwear print and the ground, respectively. Cy.yy
represents the intensity contrast value of the footwear
print and the ground in the unpolarized illumination
and unpolarized imaging condition; Cypy represents
the intensity contrast value of the footwear print and
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the ground in the polarized illumination and unpo-
larized imaging condition; Cypp represents the inten-
sity contrast value of the footwear print and the
ground in the polarized illumination and polarized
imaging condition; Cp,p represents the contrast
value of degree of linear polarization.
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Fig. 4 Histogram curves corresponding to the intensity
(a) and the DoLP (b) of footwear prints

Table 1 Contrast ratios of different background
materials
Background cga?riiz:l Cou CGipu Cipp Cporp
PVC floor Red 006 009 0.I1 0.17
Green 006 008 0.10 0.18
Blue 006 009 0.10 0.20
Tile 1 Red 0.04 0.10 0.11 0.19
Green 0.04 0.10 0.11 0.19
Blue 0.07 0.15 0.17 0.19
Tile 2 Red 0.02 0.06 0.07 0.20
Green 0.02 0.06 0.07 0.21
Blue 0.02 0.07 0.08 0.23

We carry out similar experiments on footwear

prints left on two types of household tiles (Figs. 1c
and 1d). These tiles are made of ceramic materials
with rough surfaces for anti-slippery effects. Surface
morphologies of these tiles and the PVC floor are
similar. Table 1 shows that the experimental data for
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the footwear prints on these tiles is quite similar to
that on the PVC floor. Contrast ratios increase from
Cruu to Cporp, and the blue channel achieves the
highest contrast ratio.

In summary, experimental results clearly
demonstrate that linearly polarized illumination and
detection helps enhance the contrast of images. For
DoLP images, using smaller wavelengths will result
in even higher contrast.

In fact, the spectral property for the contrast of
DoLP images depends on many parameters of the
scattering particles on the footwear prints and the
surface of the ground. The refractive indices, sizes,
and shapes of particles, as well as the surface mor-
phology of the ground, may all affect the contrast at
different wavelengths.

5 Simulation and analysis of polarized light
scattering

The footwear prints actually represent disturb-
ances to the surface conditions, such as changes in the
density of particles by pressure or exogenous particles
of different sizes and optical properties. For unpo-
larized light, the scattered light intensity is sensitive
mainly to the size, density, and relative refractive
index of the scattering particles. For polarized light,
however, the intensity and polarization states of the
scattered light are sensitive to not only the size, den-
sity, and relative refractive index of the particles, but
also many other properties, such as shape, orientation
and alignment, surface morphology, and birefrin-
gence. Compared with unpolarized light, polarized
light scattering can provide much richer information
to differentiate different surfaces, all of which may be
explored to increase the contrast in footwear print
images.

For better understanding the physical mecha-
nisms for contrast enhancement of footwear prints by
polarized grazing incidence and polarized scattering
detection, we use a very crude scattering model and a
Monte Carlo simulation program (Yun et al., 2009;
del Moral, 2013) to demonstrate how the intensity and
polarization states of the scattered light vary for dif-
ferent samples and experimental configurations. This
program simulates photon transport in multilayered
turbid media. A brief summary of the model is as
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follows: A collection of spherical particles with
normally distributed sizes are assumed to mimic the
polarized light scattering properties of the footwear
prints and the ground. For the footwear prints, particle
sizes are centered in 1 um and cover the sub-micron
region; for the ground, we assume the sphere diameter
centered in 10 um. Both types of particles are in air,
the refractive indices are set to 1.54 (Weinzierl et al.,
2009), the scattering coefficients of the two types of
particles are 200 cm ', and the illumination wave-
length is set to 467 nm. Fig. 5 shows the simulated
contrasts. The simulation results follow the trend of
the experimental results on the PVC floor cover, both
of which indicate that polarization incidence and
detection enhance the contrast. The relatively small
size or the probable sharp edges of the extraneous
particles on the footwear prints may play a vital role
in the contrast enhancement of the polarization
images.

0.4

0.3

02! *
01} A

Contrast
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Fig. 5 Experimental and simulated contrast ratios under
different imaging conditions at 467-nm wavelength inci-
dent light

Solid dots represent experimental values on the PVC floor
cover, and hollow dots represent simulation values

6 Conclusions

We have carried out grazing incident polariza-
tion imaging of footwear prints using commercial
wide-field footwear print search light and a color
digital camera. The current work provides us a useful
method to obtain the footwear prints of criminals,
which is of great significance in detecting cases. By
placing linear polarizers in front of light and camera
lens, we have tested different experimental configu-
rations for footwear print images. Results showed that
illumination by linearly polarized light with the po-
larization direction parallel to the ground will
improve the image contrast for even unpolarized
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detection. Further enhancement of the contrast has
been achieved by detection of the linearly polarized
component parallel to the incident beam polarization.
Furthermore, data processing showed that significant
improvement is achieved for degree of linear polari-
zation (DoLP) imaging, but not for angle of polariza-
tion (AoP) imaging. The deployment of a three-color
camera helps enhance grazing incidence polarized
light imaging by providing the spectral features of
footwear prints. For the blue, green, and red color
channels, DoLP contrast increases for smaller
wavelengths.
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