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Night vision systems in vehicles are a new emerging technology. A crucial problem in active (laser-
based) systems is distortion of images by saturation and blooming due to strong retroreflections from
road signs. We quantify this phenomenon. We measure the Mueller matrices and the polarization state
of the reflected light from three different types of road sign commonly used. Measurements of the re-
flected intensity are also taken with respect to the angle of reflection. We find that different types of
sign have different reflection properties. It is concluded that the optimal solution for attenuating the
retroreflected intensity is using a linear polarized light source and a linear polarizer with perpendicular
orientation (with regard to the source) at the detector. Unfortunately, while this solution performswell for
two types of road sign, it is less efficient for the third sign type. © 2008 Optical Society of America

OCIS codes: 260.5430, 110.5405.

1. Introduction

A night vision system in a vehicle may improve the
driver’s ability to see clearly beyond the low head-
light beam range in difficult night vision conditions
(low light and bad weather) [1]. Two main ap-
proaches exist for such systems: thermal passive
imaging [2] and active imaging [3,4]. The main dis-
advantage of thermal passive systems is that the re-
sulting image is different from what the driver would
see under normal illumination conditions, and some
information such as the writing on the sign may not
be distinguished from the sign’s background when
they are in thermal equilibrium.
In the active night vision imaging approach, the

road scene is illuminated with a near-infrared
(NIR∼ 800nm) source and the scene is imaged on
a CCD or a complementary metal oxide semiconduc-
tor sensor. The reflected NIR light passes through a
narrow bandpass filter which rejects most of the ob-
structing light, such as ambient light, streetlights,
and headlights from oncoming cars. Such a system
operating at ∼800nm and ∼1W average power

has been described by Daimler-Benz [5]. An active
night vision system, with enhanced recognition cap-
ability working at a wavelength of∼810nm has been
described recently [4]. An active imaging approach
enables a gated imaging operation, in which the sen-
sor exposure is synchronized with the illuminating
pulses. The camera gate is opened electronically only
for a certain time after a small delay to the time of
the pulse. Those times (opening and delay) are con-
trolled so that only specific desired scene depth is im-
aged. In this way, light scattered by the atmosphere
is eliminated except from the zone of observation,
providing clearer video images in bad weather condi-
tions such as rain, snow, and fog as described in [4].
Active night vision systems tend to correspond better
to the features of the scene. Unlike passive systems
that correspond to the temperature differences, the
active systems correspond to the differences in the
reflectivity of the NIR light from different objects
in the scene. Generally, artificial objects andmarking
in the scene are made to be seen under light illumi-
nation conditions, while thermal contrast is not a
consideration in their design. Hence, images ob-
tained by an active system (reflections of a near-
visual light) may appear more natural to the human
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eye since the images observed by the human eye are
usually formed by reflections of light that arrive from
the Sun or from artificial light sources.
Themajor disadvantage of the active systems is the

saturation and blooming of some of the video images
due to strong reflections from road signs. We analyze
and quantify this phenomenon toward a reduction of
these disturbing effects in the image. To be clearly
seen by drivers, road signs aremade of retroreflecting
arrays that reflect most of the light back toward its
source. Figure 1 shows the three commonly used road
sign types. The Diamond Grade Reflective Sheeting
(DGRS) shown in Fig. 1(a) is a prismatic lens reflec-
tive sheeting. The reflective sheeting consists of pris-
matic lenses formed in a transparent synthetic resin,
sealed and backedwith a pressure-sensitive adhesive
and clear plastic liner [6]. The High Intensity Grade
Reflective Sheeting (HIGS) shown in Fig. 1(b) is an
encapsulated spherical lens sheeting which is pro-
tected by a plastic liner [6]. The Engineer Grade Re-
flective Sheeting (EGRS) shown in Fig. 1(c) is simply
made of an encapsulated spherical lens sheeting
spread over the sign [6].
Road signs were not designed to be used in night

vision imaging. The intensity of the light reflected
from the signs can be up to 3 orders of magnitude
higher compared to the light reflected from other ob-
jects in the scene such as pedestrians, cyclists, trees,
and fences. The resulting images that include road
signs are often saturated and may suffer from bloom-
ing in the areas of the road signs. In those images it is
impossible to read the content of the sign or to see its
surroundings. To quantify the properties of this phe-
nomenon for the purpose of reducing its effect in the
image, we measured the Mueller matrices of the
three common types of road sign at specific reflection
angles in which they are usually being seen. We also
measured the intensity of the light reflected back
from the road signs as a function of the reflected an-
gle. Based on these measurements, we concluded
that the optimal way to reduce the blinding high-
intensity reflected light is by using a linearly polar-
ized light source and a crossed linear polarizer in the
camera. The idea behind this is that, while the re-
flected light from most of the scene is depolarized
to a very large degree, the polarization state of the
reflected light from the road signs remains mostly

unchanged or significantly reduced (depending on
the sign type). In such a case, using a crossed polar-
izer in the camera significantly reduces the intensity
of the light reflected from the road signs, while the
intensity of the light which is reflected from the scene
is not reduced significantly.

2. Measurements of the Mueller Matrices of the Three
Road Sign Types

The Mueller matrix represents the interaction of po-
larized light with elements which can change its state
of polarization. This is a real 4 × 4 matrix that oper-
ates on4 × 1Stokes vectorswhich represent thepolar-
ization states of an incident beam light using the
Stokes formalism [7]. The elements of this matrix
can be determined by irradiating the examined polar-
izing elements with selected states of an input polar-
ized light, whereupon the Stokes parameters of the
emergingbeamaremeasured byaStokes polarimeter
(analyzer and detector) [7,8]. The Stokes vector con-
taining the four Stokes parameters is defined as

S ¼ ½S0;S1;S2;S3�T : ð1Þ
Figure 2(a) shows an experimental configuration for
the Mueller matrix measurement. The Stokes Gen-
erator creates six different polarization states of
the light, namely, Linear Horizontal Polarized
(LHP), Linear Vertical Polarized (LVP), Linear
þ45° Polarized (Lþ 45), Linear −45° Polarized
(L − 45), Right Circular Polarized (RCP) and Left Cir-
cular Polarized (LCP). Each polarization state ismea-
sured with the analyzer and the detector after its
interaction with the polarizing element (e.g., the road
sign). The six Stokes vectors of the respective beams
incident on the analyzer after the interactionwith the
polarizing element are [8]

ILHP ¼ M½1100�T ; ILVP ¼ M½1 − 100�T ;
ILþ45° ¼ M½1010�T ; IL−45° ¼ M½10 − 10�T ;
IRCP ¼ M½1001�T ; ILCP ¼ M½100 − 1�T ; ð2Þ

where ILHP, ILVP, ILþ45°, IL−45°, IRCP, and ILCP are, re-
spectively, the six resulting Stokes vectors of the six
different polarization states LHP, LVP, Lþ 45,L − 45,
RCP, and LCP after they have interacted with the
polarizing element. The parameters of the Stokes vec-
tors are measured with the Analyzer and the Detec-
tor. Now all sixteen Mueller matrix elements are
contained within these six vectors and the Mueller
matrix can be found by adding and subtracting the
Stokes vectors in Eq. (2). Other methodologies for
measuring the Mueller matrix can be found for in-
stance in Ref. [9]. The experimental setup of our mea-
surements shown in Fig. 2(a) includes a He–Ne
unpolarized laser source with a wavelength of
632:8nm. A Stokes generator was made of the rotat-
ing linear polarizer (LP) and the rotating quarter-
wave plate (QWP). A circular polarizer was employed
as the analyzer. The polarization state of a beam light

Fig. 1. (Color online) Three sign types are: (a) the DiamondGrade
Reflective Sheeting (DGRS), (b) the High-Intensity Grade Reflec-
tive Sheeting (HIGS), and (c) the Engineer Grade Reflective Sheet-
ing (EGRS).
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(e.g., Stokes vector) can bemeasured by using a single
polarizing element, namely, a circular polarizer ro-
tated at four different orientations and an intensity
detector [7]. The circular polarizer ismade by cement-
ing a quarter-wave retarder to a linear polarizer with
its axis rotated at45°with regard to the fast axis of the
retarder. The polarizer and the retarder axes are al-
ways fixed with respect to each other. The beam was
allowed to enter one side of the circular polarizer
whereby the first three Stokes parameters, S0, S1,
and S2, were measured by rotating the circular polar-
izer to 0, 45, and 90°. The final parameterS3 wasmea-
sured by flipping the circular polarizer 180° to its
linear side in such a way that the linear polarizer fol-
lows the quarter-wave retarder.
A general requirement from night vision systems

is an observation distance of ∼30–250m. The possi-
ble incident angle to the road sign depends on the
system’s field of view (16°). However, we did not find
a significant change in the reflected light properties
with regard to this angle. In vehicles the receiving
camera is located up to ∼1:5m away from the NIR
illuminator source. Hence, the reflecting angles
(the angle between the incident light and the re-
flected light) are up to 3°. Therefore, the Mueller ma-
trices were measured for reflection angles smaller
than 3°. For both the EGRS and the HIGS signs,

the measured Mueller matrices for reflection angles
smaller than 3° were found to be

MHIGS ≈ MEGRS ≈

0
BB@

1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 −1

1
CCA: ð3Þ

This result is very similar to the Mueller matrix for
reflection by normal incidence (at a specular surface)
[7]. The negative sign (−1) in the matrix elements
m22 and m33 means that, upon reflection, the ellipti-
city and the orientation of the polarization state of
the incident beam are reversed. According to the
measured Mueller matrices of the EGRS and the
HIGS signs, the degree of polarization (DOP) of
the reflected light from these signs is approximately
conserved. Therefore, it is possible to significantly at-
tenuate the intensity of the reflected light from such
signs by introducing a crossed polarizer to the polar-
ization state of the reflected light.

Unlike the Mueller matrices of the EGRS and
HIGS signs, the Mueller matrix of the DGRS is very
different and it depends on the angle of reflection.
The measured Mueller matrix for the DGRS sign
at a reflection angle of 0:65° was found to be

MDGRS ≈

0
BB@

1 0 0 0
0:034 0:628 −0:049 −0:014
0:032 0:008 −0:013 0:427
0:031 −0:053 −0:414 −0:029

1
CCA: ð4Þ

At a reflection angle of 1.25 degrees it was found to be

MDGRS ≈

0
BB@

1 0 0 0
0:044 0:348 0:017 −0:049
0:007 −0:031 0:092 −0:294
−0:031 0:007 0:328 0:027

1
CCA; ð5Þ

and at an angle of 3° it was

MDGRS ≈

0
BB@

1 0 0 0
−0:023 0:023 0 0

0 0 −0:01 −0:028
−0:023 0:023 0 0:028

1
CCA: ð6Þ

Unlike the case of theEGRSandHIGS signs, theDOP
of the reflected light for the DGRS sign is always sig-
nificantly smaller than 1. Thus, the reflected light
from the DGRS sign is depolarized to some degree.
In general, the bigger the angle of reflection, the big-
ger the depolarization is. At a reflection angle of 3° the
Mueller matrix for the DGRS sign is quite similar to
that of a depolarizer (the first elementm00 is equal to
one and the rest are zero), independently of the polar-
ization state of the incident light. Therefore, the DOP
of the reflected light will be approximately zero. For
smaller angles (e.g., 1.25 and 0:65°), the DOP is not
zero, but significant depolarization occurs during re-
flection. From the results above we conclude that it is

Fig. 2. (Color online) Experimental setups: (a) measurement of
the Mueller matrices of the road signs. An unpolarizerd He–Ne
laser light passes through the Stokes generator (the rotating
QWP and LP) toward the road sign. The reflected light passes
through two lenses (L1) and (L2), and the analyzer (a circular po-
larizer), and the final intensity is measured at the detector. The
four Stokes parameters are measured at four different orienta-
tions of the circular polarizer. This measurement is repeated for
all six polarization states generated by the Stokes generator.
(b) Measurement of the intensity of the retroreflected light from
the road signs as a function of the reflection angle. A He–Ne
LHP laser is retroreflected from the road sign. The reflected light
passes through a lens and a removable linear polarizer (LHP or
LVP) before it reaches a detector.
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impossible to attenuate completely the reflected light
from the DGRS sign by a crossed polarizer.

3. Measurements of the Reflected Intensity as a
Function of the Reflection Angle and the Polarizer's
Orientation

While in Section 2 wemeasured theMueller matrices
of road signs only at specific reflection angles, in this
section we measure the recorded intensity as a func-

tion of the reflection angle and examine the effect of a
filtering polarizer on the recorded reflections. In the
experimental setup [Fig. 2(b)], the emitted laser light
beam is polarized (LHP). The light reflected from the
examined road sign passes through a lens and an ana-
lyzer (linear polarizer) and is received by a detector.
The reflected intensity is measured as a function of
the reflection angle in three setup configurations:
theanalyzer fixed atanLHPorientation, theanalyzer

Fig. 3. (Color online) Left column: the measured reflected light intensity as a function of the angle with an LHP or LVP polarizer and
without a polarizer, for (a) the EGRS, (c) the HIGS, and (e) the DGRS signs. Right column: the transmission of the linear polarizer for the
light reflected from (b) the EGRS , (d) the HIGS, and (f) the DGRS signs, as a function of the reflection angle. It can be seen that, for
the EGRS and the HIGS signs, the intensity of the reflected light that passes through an LVP polarizer is almost entirely attenuated,
while for the DGRS sign it is not reduced significantly.
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fixed at an LVP orientation, and with the analyzer re-
moved. Results for the EGRS, the HIGS, and the
DGRS signs are shown in Figs. 3(a)–3(f), respectively.
The source light is LHP in all cases. From the results
shown in these figures we can conclude that the re-
flected light from both the EGRS and the HIGS signs
is LHP polarized. The intensity of the reflected light
from the HIGS sign is higher than that reflected from
the EGRS sign for reflection angles smaller than 2°.
Therefore, the HIGS sign is a stronger retroreflector
than the EGRS sign. It can be seen that there is no
change in the light transmission for the LHP and
LVP polarizers as a function of the reflection angle.
Therefore, the polarization state of the reflected light
is not a function of the reflection angle. The intensity
of the reflected light after it passes through an LVP
polarizer is reduced by more than 2 orders of magni-
tude (e.g., transmission is less than 1%).
Unlike the results attained for theEGRSandHIGS

signs, the light reflected from the DGRS sign is not
completely polarized and depends on the reflection
angle. At small reflection angles (less than 2°) the re-
flected light is more polarized than at bigger angles.
The intensity of the light that passes through an
LHP or an LVP polarizer is approximately the same
at angles larger than 2:5°, as the reflected light be-
comes completely unpolarized. At small reflection an-
gles (less than 0:5°) the reflected intensity that passes
through an LVP polarizer is reduced by only about 1
order of magnitude. As the intensity of the reflected
light is reducedwhen the angle of reflection increases,
the DOP of the reflected light also reduces. These re-
sults correspond to those obtained in Section 4.

4. Implementing the Crossed Polarizer Approach in an
Active Night Vision System

In this experimentweused anLHPdiode laser source
and mounted a removable LVP in the receiver. In
Fig. 4(a) we can see an image of the two square road
sign types (DGRS andHIGS) taken by an active night
vision system without the crossed polarizer. The in-
tensity of the reflected light from the signs is so high
that they appear as one big sign in the resulting image
due to strong saturation and blooming. The intensity
of the reflected light from the DRGS sign is higher
than that of the HIGS sign as expected. In Fig. 4(b)
we can see the same image taken with the crossed po-
larizermounted in the receiver. It can be seen that the
DGRS sign is saturated and bloomed, while theHIGS
sign is only saturated. This corresponds to the mea-
surement results in Sections 2 and 3, where it was
found that not only the intensity of the reflected light
from theDGRS sign is higher than that reflected from
the HIGS and EGRS signs, but it is also depolarized.
This explains the lower effect of the crossed polarizer
in reducing the reflected light intensity from this sign,
as only polarized light can be strongly filtered out by
the crossed polarizer. It was also found that theEGRS
sign is less saturated and bloomed than the HIGS
sign, which is with good agreement with the results
found in Section 3. By using the crossed polarizer it

was even possible to see the text of the EGRS sign.
But, to read the text of the HIGS and DGRS signs
we had to either reduce the intensity of the illumina-
tor and/or the gain of the camera, which of course re-
duces the brightness of the rest of scene.

Fig. 4. (Color online) (a) Image captured by an active night vision
system without a crossed polarizer. The road signs are HIGS and
DGRS located from right to left, respectively, at a distance of about
80m. It can be seen that both signs are saturated and introduce
very strong blooming into the image, which makes them appear to
be only one sign. (b) The same scene but with a crossed polarizer in
the receiver. Here the HIGS sign appears saturated but nearly
without blooming around it. The DGRS sign appears saturated
with blooming around it, though the blooming is smaller than that
seen in (a).
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5. Conclusions

We have measured the intensity and the polarization
state of retroreflected light from the three common
road sign types. We found that the reflected light
from the EGRS and HIGS signs remain polarized,
while partially depolarized from the DGRS sign.
Additionally, the reflected light intensity from the
DGRS sign is higher than that reflected from the
HIGS and EGRS signs. Results show quantitatively
that when a polarized light source is used (for in-
stance, LHP), the optimal polarizer required at the
receiver to reduce the reflected light is a crossed po-
larizer (LVP), which significantly attenuates the ret-
roreflected light intensity from the EGRS and HIGS
signs, while the reflected light from all other objects
in the scene is reduced by only about 50%. Unfortu-
nately, retroreflected light from the DGRS is not
reduced significantly since this sign partially depo-
larizes the light. The effect of applying this technique
for the reduction of saturation and blooming in the
image of these sign types approves these results.

The authors thank Norman S. Kopeika for his ad-
vice throughout the research, and Oran Erez and
Eran Green for their contribution to this work.
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