
IEEE PHOTONICS JOURNAL, VOL. 15, NO. 5, OCTOBER 2023 7801308

Multiple Scattering Properties Based on Modified
Microsurface pBRDF Model

Youfei Hao , Jin Duan , Ju Liu , Jiahao Yang, and Juntong Zhan

Abstract—Scattering polarization properties are one of the main
characteristics of a target. Different material types of the target
surface can be expressed by the scattering polarization properties,
and the use of polarization to characterise the target more effec-
tively is a highly interesting topic. However, the existing polarized
bidirectional reflection distribution function (pBRDF) based on
microfacet theory for modelling light transmission over rough sur-
faces is not general. Modelling the scattering phenomena accurately
on microsurfaces from a single specularly polarized reflection to full
consideration of diffuse polarization remains a challenging task. In
this work, we further introduce a directional diffuse reflection lobe
to completely define the polarization properties of light in scatter-
ing, and revisit the microsurface in the masking and shadowing
function part of the model, expanding the traditional symmetric
V-groove structure, which is complemented by an asymmetric V-
groove structure to improve the accuracy of the model description.
We verify through a series of simulations and experiments that our
model is in better agreement with the actual truth and that it is
more suitable for describing the scattering polarization properties
of most targets.

Index Terms—Microfacet, polarized bidirectional reflection
distribution function (pBRDF), polarization properties, scattering.

I. INTRODUCTION

COMPARED with traditional detection technology, polar-
ization detection technology can simultaneously obtain

the target surface intensity information and polarization in-
formation. The acquisition of target polarization information
effectively expands the information dimension and enhances
the texture features to effectively improve the accuracy of target
detection and identification. Therefore, polarization detection
technology can be widely used in target detection [1], [2],
medical diagnosis [3], [4] and military applications [5], [6], etc.
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Polarization is a special information distinguished from vis-
ible light, which can be described by representations such as
degree of polarization (DoP) and angle of polarization (AoP).
Different targets or different states of the same target exhibit
different polarization states. Normally, an ideal smooth surface
would present significant polarization properties, but in practical
measurements the target surfaces are rougher [7]. The polariza-
tion imaging of rough surfaces is influenced by physical factors
such as refractive index and surface roughness of the target,
so that the polarization imaging of the target can effectively
distinguish between targets of different materials. Therefore, it
is crucial to investigate the polarization reflection characteristics
of rough surfaces of different materials.

To investigate the scattering properties of light, Nicode-
mus proposed the bidirectional reflection distribution func-
tion (BRDF), and subsequently many BRDF models based
on geometrical optics were studied [8], [9], [10]. Among
them, the Torrance-Sparrow model [11] and the Cook-Torrance
model [12] are widely used. Aivar Abrashuly [13] suggested that
the scattering in the visible spectrum needs to take into account
their dispersive behavior. With the study of the polarization
scattering properties of light, the effect of the masking effect
is adequately considered. Wang et al. [34] developed a three-
component polarimetric BRDF (pBRDF) model of specular
reflection, diffuse reflection and body scattering to investigate
the polarization properties of the target surface in response
to the Blinn masking effect. Hyde IV et al. [14] developed a
more accurate pBRDF model of the target surface based on
the PG model [15] considering the masking effect and Lam-
bert diffuse reflection. Zhan Hanyu et al. [16] modified the
pBRDF model based on the Kubelka-Munk theory and derived
the polarization model. The above studies on the properties of
microfacet elements all make a strong assumption in essence:
microfacets, defined as perfect mirror surfaces. However, it is
well known that the target surface is not smooth and there are
different masking and shadowing effects between neighboring
surface elements. The existing simplified masking models such
as Blinn approximates that the angles between adjacent face
elements are equal, i.e., the surface is modeled as a symmet-
ric V-groove cavity, which is not compatible with the actual
rough surface situation, especially when dealing with general
anisotropic materials such as Kulla and Conty [17]. In view
of the above studies, it is urgent to explore the masking effect
for more closely matching the actual rough surfaces. Inspired
by the literature [18], we develop a closed-form of multiple
analysis microfacet shading and masking function that takes into
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account the additional scattering that occurs again after the first
scattering and without a significant increase in computational
effort. We treat the microfacet when polarized scattering of light
occurs as a symmetric V-groove structure and an asymmetric
V-groove structure, and calculate the multiple scattering that
occurs therein. The introduction of the asymmetric V-groove
structure increases the degrees of freedom in the representation
of the microfacet and allows a better description of the reflections
arising at the grazing angle, especially for describing metallic
materials.

All modifications are made to improve the applicability of
pBRDF. The pBRDF models consist of a combination of roughly
polarized specular lobe (Fresnel interactions in microsurface
models) and depolarized diffuse reflection lobe [19], [20], [21] to
consider diffuse reflection polarization effects [22]. In addition
to specular surface reflectance lobe and diffuse reflection lobe,
which are considered in most models, it has been shown that
the reflection of light also includes directional diffuse reflection
lobe [23]. In the study of polarization properties, the polarization
effects produced by all reflection lobes should not be neglected.
Zhu et al. [24] successfully introduced the directional diffuse re-
flection lobe into the polarimetric BRDF. To accurately describe
the polarization properties of surface scattering, we also refer to
the recent results of Jianfeng Sun et al. [25] and introduce the
directional diffuse reflection component that distinguishes them
for a complete analysis of the model, making the model more
reliable overall.

II. THEORETICAL SIMULATION

A. Basic Concept

In order to graphically describe the reflection properties of
the object surface for different incident illumination at arbitrary
observation angles, Nicodemus [26] was the first to propose
the bidirectional reflection distribution function (BRDF) model,
which was defined as the ratio of the reflected radiance to the
radiant irradiance of the incident illumination, i.e:

fBRDF (θi, ϕi, θr, ϕr) =
dLr (θi, ϕi, θr, ϕr)

dEi (θi, ϕi)
(1)

θ andϕ are the zenith and azimuth angles, respectively. Subscript
i and r represent the direction of incidence and reflection,
respectively.

To study the effect of microscopic distribution of rough sur-
faces on the polarization characteristics of objects, the scalar
microsurface bidirectional reflection distribution function is vec-
torized to form the polarimetric BRDF (pBRDF), which can be
expressed as:

FpBRDF (θi, ϕi, θr, ϕr, λ) =
dLr (θi, ϕi, θr, ϕr, λ)

dEi (θi, ϕi, λ)
(2)

Where, dLr(θi, ϕi, θr, ϕr, λ) is the Stokes vector of scattered
radiation from the target surface and dEi(θi, ϕi, λ) is the Stokes
vector of incident radiation. F is a 4×4 Muller matrix. The
reflection scattering phenomenon of illumination on the micro-
element surface of the target is shown in Fig. 1.

Fig. 1. Schematic diagram of the bi-directional reflection distribution function
model for micro-elements, ϕv = ϕr − ϕi is the relative azimuthal angle.

Fig. 2. Schematic diagram of shading and masking phenomena: (a) V-groove
structure; (b) canonical reference system, where the angle of the slot θv =
|π + θl − θr |.

III. THE SHADING AND MASKING FUNCTION FOR MULTIPLE

SCATTERING

The phenomenon of incident illumination not being com-
pletely reflected on a microfacet element due to the concavity of
the microfacet element is called masking. In order to accurately
describe the reflection scattering phenomenon of light rays on
rough surfaces, shading and masking functions are proposed,
which are determined by the masking and masking probabilities
of reflections from neighboring surface elements [27]. To unify
the description, the reference system of the V-groove structure
is specified, and the incident ray i and the reflected ray r can be
mapped to the n− s plane.

Inspired by the literature [9], we use a kaleidoscope model
for the construction of multiple scattering. In order to be able
to describe the microfacet elements accurately, the adjacent
surface elements are divided into two categories: symmetric
V-groove structures and asymmetric V-groove structures. In
different structures, the numbers of scattering will be presented
in different forms, which can be described in the form of linear
equations, as shown in Figs. 3 and 4. Among them, Figs. 3(a)
and 4(a) depict the multiple scattering in symmetric V-groove
structure and asymmetric V-groove structure, respectively, and
Figs. 3(b) and 4(b) show examples of geometric attenuation.

As shown in Figs. 3 and 4, the symmetric V-groove has an
isosceles triangular structure, and the circle passing through
the two most edge points of the V-groove can be obtained
with its waist length; while the asymmetric V-groove obtains
a concentric circle with two different waist lengths. We only
need to determine the number of reflections occurring by judg-
ing the number of intersections of the line with the circle
in question. When k = 1, the incident illumination undergoes
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Fig. 3. Kaleidoscope reflection model description of multiple reflections
within a symmetric V-groove structure: (a) multiple scattering in a symmetric
V-groove structure; (b) an example of geometric attenuation inside the symmetric
V-groove with three and four bounces, respectively. Where, k represents the
number of reflections of the incident light.

Fig. 4. Kaleidoscope reflection model description of multiple reflections
within a nonsymmetric V-groove structure: (a) multiple scattering in a non-
symmetric V-groove structure; (b) an example of geometric attenuation inside
the nonsymmetric V-groove with single scattering, two, three, and four bounces,
respectively.

specular reflection or specular-like reflection phenomenon, and
when k > 1, the scattered reflection phenomenon of incident
illumination is diffuse reflection. Therefore, we can specify the
specific reflection state in multiple scattering, i.e., the number of
reflections k and the geometric term G(θi, θr, θv), based on the
angle and position of the incident illumination. The equation of
the line parallel to the direction of incidence i is f(p) = i⊥ · p,
where p denotes any point, and the output value of the function
f denotes the orthogonal offset of the line from the origin
�. The geometric term G(θi, θr, θv) when multiple scattering
occurs in a symmetric V-groove structure can be described
as:

G (θi, θr, θv) =

{ |fa − fk| /fa (k − 1) reflections
|fb − fk| /fa (k) reflections

(3)

Fig. 3(a) depicts the multiple scattering phenomenon at k = 3
or 4, the different regions represent different scattering states.

Extending the kaleidoscope model to an asymmetric V-groove
structure in which multiple scattering occurs the geometric term
G(θi, θr, θv) can be described as (4) shown at the bottom of this
page. Among them, kb = 2[2(π + θi − θr)− θv/2θv + 0.5],
ka = kb + 1 and fj = min(f(j), 1).

A. A Modified Multiple Scattering pBRDF Model

The construction of pBRDF models usually follows the mi-
crofacet theory [28], [29], and most of them treat the scattering
of incident illumination at the surface as a combination of two
lobes with diffuse and specular reflections [30]. However, Baek
et al. [31] suggested that the combination of two lobes is not
consistent with the actual incident illumination scattering phe-
nomenon. The actual reflection of incident illumination consists
of three lobes, including a surface flap containing a “specular-
cusp” lobe, i.e., surface reflection, and a wider specular surface
reflection lobe, i.e., directional diffuse reflection. In general,
specular spike lobe is particularly important for reflections from
smooth surfaces, while rough surfaces require directional diffuse
reflections to more completely characterize them. Guided by the
ideas in the literature [25], we introduce a new additional term
of directional diffuse reflection effect in the construction of the
pBRDF model. As shown in Fig. 2, we define the scattering of
incident illumination as specular reflection, diffuse reflection
and directional diffuse reflection. Thus, the pBRDF can be
completely represented as a sum of three components, described
as:

F = F s + F d + F dd (5)

where F s, F d and F dd denote the specular reflection lobe,
diffuse reflection lobe and directional diffuse reflection lobe of
the pBRDF, respectively.

1) Specular Reflection Lobe F s: In the existing pBRDF
model about specular reflection is more accurately described,
according to the microfacet theory, the material surface can be
considered as an infinite number of microfacet planes obeying
Fresnel’s reflection law and Gaussian distribution [32]. Its ex-
pression can be expressed as follows:

F s
k,j(θi, ϕi, θr, ϕr) = ρs

G(θi, θr, θv)D(θh, σ)

4 cos θi cos θr

Mk,j (θi, ϕi, θr, ϕr) , (k, j = 0, 1, 2, 3) (6)

where σ is the surface roughness parameter, ρs is the surface
reflectance, G is the shading and masking function of multiple
scattering, and Mk,j(θi, ϕi, θr, ϕr) is the Fresnel reflectance
Mueller matrix, which can be calculated by deriving the Jones

G (θi, θr, θv) =

⎧⎪⎪⎨
⎪⎪⎩

max (0, fa −max (fk, fb)) /fa 1 reflections
max (0,min (fa, fk)− fk,b) /fa (kb − 1) reflections
max (0,min (fa, fk,b)−max (fb, fk,a)) /fa kb reflections
max (0,min (fk,a, fk,b)− fb) /fa (kb + 1) reflections

(4)
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Fig. 5. Comparison of simulation errors for 13 materials:[21], [30] and our
pBRDF. x-axis is the sum of fitting errors for each material and y-axis is the
sum of fitting errors for reference [8]. The results were ranked according to the
errors.

Fig. 6. Comparison of asymmetric (left) and symmetric (right) V-groove
multiple scattering pBRDFs. The first row is the intensity comparison and the
second row is the degree of polarization (DoP) comparison.

matrix, described as:⎡
⎢⎢⎣

M00

M10

M20

M30

⎤
⎥⎥⎦ =

1

2

⎡
⎢⎢⎣

Rs +Rp

cos (2ηr) (Rs −Rp)
sin (2ηr) (Rp −Rs)

0

⎤
⎥⎥⎦ (7)

From the description of (9), it can be found that the elements
in the Fresnel reflectance Muller matrix are mainly determined
by the complex refractive index (Fresnel reflectance) of the
material.

2) Diffuse Reflection Lobe F d: Diffuse reflection from ob-
ject surface is caused by the incident radiation passing through
multiple reflections between large adjacent angles and the body
scattering inside the material. The radiation intensity of the
diffuse reflection is usually expressed according to the Lam-
bertian model. Therefore, the diffuse reflection is considered to

be unpolarized, but this causes errors for the reflected radiation
of most materials. X. Li et al. [33] corrected the diffuse reflection
expression and applied the Lambertian microfacet to the integral
of the macrofacet diffuse reflection. Thus, the diffuse reflection
component can be defined as:
F d

k,j(θi, ϕi, θr, ϕr) = ρd
G
π [C1 + C2(

sin θi sin θr cosϕv

cos θi cos θr
)]

Md
k,j (θi, ϕi, θr, ϕr) , (k, j = 0, 1, 2, 3) (8)

Where, ρd represents diffuse albedo, which can be expressed
as the ratio of the total diffuse flux scattered inside the ma-
terial to the incident radiation flux on the material surface.
C1 = 0.8532σ−0.095, C2 = 0.3595σ1.785. Diffuse scattering is
usually considered as an unpolarized phenomenon, therefore, is
a depolarized Mueller matrix Md

k,j :

Md
k,j =

⎡
⎢⎣

1 · · · 0
...

. . .
...

0 · · · 0

⎤
⎥⎦ (9)

3) Directional Diffuse Reflection Lobe F dd: The complete
definition of polarized reflection is crucial for the pBRDF model
to accurately describe the polarization properties of the material
surface. In order to make the model fit better with the captured
data, we introduce a new directional diffuse reflection term to
extend the pBRDF model. The directional diffuse reflection
term refers to the reflection phenomenon of incident radiation
occurring within a microsurface with a large slope angle, and its
energy mainly originates from a small reflection direction near
the surface normal direction. Therefore, the energy of directional
diffuse reflection is inversely proportional to the reflection angle.
Thus, we can simply define the directional diffuse reflection lobe
F dd:
F dd

k,j (θi, ϕi, θr, ϕr) = ρdd
1√
2πσ

exp
(−2 tan θr/σ

2
)

Mdd
k,j (θi, ϕi, θr, ϕr) , (k, j = 0, 1, 2, 3) (10)

where ρdd denotes the directional diffuse reflectance, which
is a color vector, as opposed to the single-valued specular
component. Since the directional diffuse reflection is generally
generated on each wave lobe around the specular reflection, it
exhibits a polarization state similar to that of the specular reflec-
tion. Therefore, Mdd

k,j(θi, ϕi, θr, ϕr) can also be expressed by
the Fresnel reflection Muller matrix, i.e. Mdd

k,j(θi, ϕi, θr, ϕr) =
Mk,j(θi, ϕi, θr, ϕr). Thus, combining the above expressions for
each component, the modified multiple scattering pBRDF model
is expressed as (11) shown at the bottom of the next page.

B. DoP Expression

In case the incident illumination is unpolarized light can be
expressed in terms of stokes vectors as Sin = [ 1 0 0 0 ]T .
The Stokes vector of reflected light can be expressed as (12)
shown at the bottom of the next page. Thus, the expression for
DoP is defined as (13) shown at the bottom of the next page.



HAO et al.: MULTIPLE SCATTERING PROPERTIES BASED ON MODIFIED MICROSURFACE PBRDF MODEL 7801308

Fig. 7. Qualitative comparison between the results of Wang et al. and our
model for an aluminum geometry with roughness α = 1.0. Due to the different
underlying microgeometry model, the appearance of multiple scattering differs
significantly.

IV. EXPERIMENT RESULTS AND ANALYSIS

A. pBRDF Model Accuracy Verification

To verify the superiority of the multiple scattering pBRDF
model, we use a combination of genetic algorithm and least
squares algorithm to obtain the optimal parameters by finding
the mean minimum standard deviation of the simulated values
of the model from the experimental measurements. The specific
expression of the mean minimum standard deviation is given in
the following equation.

∇E(n, k) = min

⎧⎨
⎩
√√√√{

LYi=1 (Yfit (i)− Ymeasure (i)]
2

L

⎫⎬
⎭
(14)

TABLE I
INTRINSIC PARAMETERS OF DIFFERENT MATERIAL SURFACES ESTIMATED

USING OUR MODEL

min{•} denotes the calculated function of the minimum stan-
dard deviation, Yfit denotes the model fit value, Ymeasure denotes
the experimental data captured by the measurement, and L is
the total data volume.

For the optimal parameter estimation, we choose the measure-
ment data with an incidence angle of 60◦ and an exit angle of
0◦ − 60◦ at 550 nm band to fit the best intrinsic material param-
eters (roughness σ and refractive index η). As shown in Table I,
the estimates of refractive indices for the four common materials
are within the range of ground truth, which also indicates the
high accuracy of our method.

To further verify the validity and accuracy of our proposed
model. In combination with Stokes-Muller imaging, we mul-
tiply the modeled Mueller matrix by various Stokes vectors
to calculate the output vectors, which are then converted to
luminance images after obtaining the output Stokes vectors.
Finally, the accuracy of the model is evaluated by calculating
the error between the simulated obtained luminance values and
the reference values. Where the reference value is the publicly
available KAIST pBRDF database [31], Fig. 5 shows the error
statistics for the simulations of 13 different materials using [21],
[30] and our pBRDF, respectively. From the graphical results, it
is found that our model has a small error, which also indicates
its ability to describe the polarization properties of different
materials excellently.

Fk,j (θi, θr, ϕv) = ρs
G (θi, θr, θv)D (θh, σ)

4 cos θi cos θr
Ms

k,j (θi, ϕi, θr, ϕr) + ρd
G (θt, θr, θv)

π

[
C1 + C2

(
sin θi sin θr cosϕv

cos θi cos θr

)]

Md
k,j (θi, ϕi, θr, ϕr) + ρdd

1√
2πσ

exp
(−2 tan θr/σ

2
)
Mdd

k,j (θi, ϕi, θr, ϕr) (11)

Sout = Fk,j · Sin =

⎡
⎢⎢⎣

F s
00 + F d

00 + F dd
00 F s

01 + F dd
01 F s

02 + F dd
02 F s

03 + F dd
03

F s
10 + F dd

10 F s
11 + F dd

11 F s
12 + F dd

12 F s
13 + F dd

13

F s
20 + F dd

20 F s
21 + F dd

21 F s
22 + F dd

22 F s
23 + F dd

23

F s
30 + F dd

30 F s
31 + F dd

31 F s
32 + F dd

32 F s
33 + F dd

33

⎤
⎥⎥⎦
⎡
⎢⎢⎣

1
0
0
0

⎤
⎥⎥⎦

=

⎡
⎢⎢⎣

F s
00 + F d

00 + F dd
00

F s
10 + F dd

10

F s
20 + F dd

20

F s
30 + F dd

30

⎤
⎥⎥⎦ (12)

DoP =

√(
F s
10 + F dd

10

)2
+
(
F s
20 + F dd

20

)2
F s
00 + F d

00 + F dd
00

=

√(
ρ2s

G2D2

16 cos2 θi cos2 θr
+ ρsρdd

GD
2
√
2π cos θi cos θrσ

+ ρ2dd
exp[−(4 tan2 θr)/σ4]

2πσ

)
(M2

10 +M2
20)

M00

(
ρs

GD
4 cos θi cos θr

+ ρdd
exp[−(2 tan θr)/σ2]√

2πσ

)
+ ρd

π G
(
C1 + C2

sin θi sin θr cosϕv

cos θi cos θr

) (13)
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Fig. 8. Compare the intensity and DoP of the multiple scattering shading and masking function model (top right) with the literature [35] (bottom left) for two
materials with different roughness.

B. Evaluation

1) Symmetric vs. Nonsymmetric: In contrast to the tradi-
tional symmetric V-groove model, the introduction of the asym-
metric V-groove provides a more accurate description of the
light-material interaction. Fig. 6 compares the multiple scat-
tering pBRDFs for symmetric and asymmetric V-grooves. The
asymmetric V-groove model describes the micro-surface more
closely to the real target surface, and it is able to characterize
the scattering polarization state of the light from the target
surface uniformly. On the contrary, the symmetric V-groove
model shows specular polarization reflection attenuation, i.e.,
energy loss, for the concave parts of the target surface due to
its singularity. This is reflected in a lower DoP. In addition, the
asymmetric V-groove model produces more backward scattering
due to the consideration of the multiple scattering of light.

2) Comparison With Wang et al. [34]: The main difference
between the work of Wang et al. and ours is the microsurface
modeling: each microsurface produces a different type of mul-
tiple scattering.Wang et al. describes single scattering results.
In contrast, the application of asymmetric V-grooves enables
the model to describe the multiple scattering occurring on the
surface with a finite number of descriptions. We compare these
two models in Fig. 7, and the results reveal that our model is
able to more accurately characterize the scattering of light from
the target surface.

C. Validation

1) Shading and Masking Function Verifications: In order to
verify the effectiveness of the multiple scattering shading and

masking functions, we apply the model in mistuba 3 as a novel
pBRDF to reproduct the object surface. Specifically, we use the
polarization rendering mode to simulate polarized images of dif-
ferent materials (each with resolution 500×500). In polarization
rendering mode, the renderer will track the polarization state of
the light during the simulation. The system configuration reflects
our real experimental setup. We use multiple scattering shading
and masking function and the original symmetric shading and
masking function [35] to simulate polarized surface. We perform
tests on various 3D models and surface reflectivity. Fig. 8 shows
the intensity and polarization images of two kinds of materials
plastic POM and brass with different roughness affixed to the
material text ball. Where, the first and second rows indicate the
intensity and DoP of plastic POM after rendering, respectively.
The third and fourth rows represent the intensity and DoP of
brass after rendering, respectively. Here, we divide the scene
into the top right and the bottom left, representing the rendering
results of the multiple scattering shading and masking func-
tion and the original symmetric shading and masking function,
respectively.

2) Shading and Masking Function Verifications: The surface
roughness is an important parameter to control the parametric
pBRDF model, and the original symmetric shading and masking
functions do not take into account the effects generated by
multiple scattering caused with increasing roughness. Especially
when the roughness value is high, the symmetric shading and
masking functions will omit more specular reflections, resulting
in energy loss from the object surface, which will also lead to
a darker intensity after rendering. On the contrary, for mul-
tiple scattering shading and masking functions that consider
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Fig. 9. DoP obtained for plastic POM and brass using different shading and masking functions with roughness σ = 0.05 and σ = 0.5.

Fig. 10. Intensity measurement of the object compared with the simulation. (a) The observed intensity values in the highlighted area without specular reflection
intensity indicated by the arrow in the example image correspond to the black origin of the distribution in Fig. 10(b). (b) Intensity values obtained with the simulation
of the model with or without the introduction of directional diffuse reflection lobe (red and green lines).

asymmetric structures, the difference in the object surface af-
ter rendering is tiny because they consider more variations in
microsurface. When the surface roughness is less than 0.1, the
normal dependence of the magnitude of DoP on the roughness is
more obvious. Conversely, at higher surface roughness, this de-
pendence will be abnormal and there will be a large difference in
the polarization variation between metals and nonmetals. When
the roughness is low, the plastic surface is smoother and its small
scattering of incident illumination will make the object reflect
higher DoP. However, when the roughness becomes larger, it
will present a sparse and porous surface with a high proportion
of diffuse reflection will make the DoP appear more varied. In
contrast, the reflected light of metallic copper is mostly single
scattered light, and the dispersion of DoP is relatively weak.
Therefore, metal has a better deflection-preserving effect at high
roughness compared to the dielectric material.

Fig. 9 shows a quantitative comparison of the DoP obtained
for plastic POM and brass using different shading and masking
functions with roughness σ = 0.05 and σ = 0.5. From this, it
can be observed that there is a significant difference between
the multiple scattering shading functions and the literature [35],

especially in the range of incidence angles at the peak. The
reason for this phenomenon is that at the same incident angle,
the multiple scattering shading and masking functions take into
account more carefully the scattering of the incident light on the
surface and inside the object, thus providing an attenuation of
the light and making the corresponding DoP lower. Comparing
the differences of DoP under the two roughnesses, it is found
that the larger the surface roughness, the more obvious the
masking effect brought by the multiple scattering shadows and
the masking function. Therefore, our masking function is of
great importance for the accuracy of the rough surface model.

3) Influence of Directional Diffuse Lobe on Mirror Enhance-
ment: Next, to evaluate the effect of the introduced directional
diffuse reflection lobe on the specular enhancement, we analyze
the intensity value f00 of the observed object. As Fig. 10(a)
shows the observed target, there is almost no specular reflection
at the point indicated by the arrow. The scatter in Fig. 10(b)
indicates the intensity measurements of object. The green line
shows the results of the simulation considering only specular
reflections and the diffuse reflection model, and the red line
indicates the results of our optimization after introducing the
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directional diffuse reflection enhancement model. The results
show that the model with the introduction of directional diffuse
reflection can restore the missing specular information at a small
angle and better fit the sparse captured data.

V. CONCLUSION

In order to extend the applicability of the polarimetric BRDF
model to describe the polarization properties of materials, we
propose a complete pBRDF model to serve the identification and
classification of materials by taking into account the polarization
of specular reflection, diffuse reflection and directional diffuse
reflection. To deal with the microscale appearance of the target
surface more accurately, we extend the traditional symmetric V-
groove structure and consider the asymmetric V-groove structure
in the construction of the masking and shadowing functions for
the pBRDF model. The good agreement between the simulated
DoP and measured DoP verifies that our model can accurately
reflect the polarization reflection properties of the target surface.
In future work, we need to focus on the description at real swept
angles and expect to progress our work in the field of rendering
polarization properties of real-world materials.
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