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ABSTRACT

In this paper we present a novel image-based 3D surface reconstruction technique that incorporates both re-
°ectance and polarisation features into a variational framework. The proposed technique is suitable for single-
image and multi-image (photopolarimetric stereo) analysis. It is especially suited for the di±cult task of 3D
reconstruction of rough metallic surfaces. An error functional consisting of several error terms related to the
measured re°ectance and polarisation properties is minimised in order to obtaina 3D reconstruction of the
surface. We show that the combined approach strongly increases the accuracy of the surface reconstruction
result, compared to techniques based on either re°ectance or polarisation alone. We perform an evaluation of
the algorithm with respect to single and multiple re°ectance and polarisation images of the surface, relying on
synthetic ground truth data. This evaluation also reveals which polarisation features should preferably be used
in the context of 3D reconstruction of rough metallic surfaces. Furthermore, wereport 3D reconstruction results
for a raw forged iron surface, thus showing the applicability of our method in real-world scenarios, here in the
domain of industrial quality inspection.
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1. INTRODUCTION

Three-dimensional reconstruction of surfaces has become an important technique in thecontext of industrial
quality inspection. In the ¯eld of optical metrology, the currently most widely used active approaches are
primarily based on projection of structured light (for a survey, cf. e. g. Batlle et al. 19981). These methods are
highly accurate, but they require precisely calibrated light sources and cameras and tend tobe rather slow, such
that they are typically used for random inspection rather than for fast inline quality inspection of industrial part
surfaces.

A well-known passive image-based surface reconstruction method isshape from shading. This approach aims
at deriving the orientation of the surface at each pixel by using a model of the re°ectance properties of the
surface and knowledge about the illumination conditions { for a detailed survey, cf. e. g. Horn and Brooks 1989.3

The integration of shadow information into the shape from shading formalism and applications of such methods
in the context of fast inline quality inspection have been demonstrated by WÄohler and Hafezi 2005.10

A further approach to reveal the 3D shape of a surface is to utilise polarisation data. Most current literature
concentrates on dielectric surfaces, as for smooth dielectric surfaces, the direction and degree of polarisation as a
function of surface orientation are governed by elementary physical laws asdescribed in detail e. g. by Miyazaki
et al. 2004.6 Information about the polarisation state of light re°ected from the sur face is utilised by Miyazaki et
al. 20046 to reconstruct the 3D shape of transparent objects, involving multiple light sources equally distributed
over a hemisphere and a large number of images acquired through a linear polarisation ¯lter at many di®erent
orientations. This method is not straightforward to use in practice because it requires a somewhat elaborate
setting of light sources. For smooth dielectric surfaces, Miyazaki et al. 20037 propose a 3D surface reconstruction
framework relying on the analysis of the polarisation state of re°ected light, the surface texture, and the locations
of specular re°ections. Wol® 199111 examines re°ectance and polarisation properties of metallic surfaces, but no
physically motivated polarisation model is derived. Rahmann and Canterakis 20019 use polarisation information
to determine surface orientation. Applications of suchshape from polarisationapproaches to real-world scenarios,
however, are rarely described in the literature.



In this paper we present an image-based method for 3D surface reconstruction based onthe simultaneous
evaluation of information about re°ectance and polarisation. This method will be applied relying on a pair of
polarisation images of the surface (photopolarimetric stereo), but it will be shown that even a single polarisation
image may be su±cient to extract relevant information about the surface shape. It is assumed that the scene
is illuminated by unpolarised point light sources situated at known locations. The re°ectance and polarisation
properties of the surface material are measured over a wide range of surface orientations by evaluating a series of
images acquired through a linear polarisation ¯lter under di®erent rotation angles, respectively. Parameterised
phenomenological models will then be ¯tted to the obtained measurements. Both re°ectance and polarisation
features are integrated into a uni¯ed variational framework. The method is systematically evaluated based on
a synthetically generated surface to obtain information about its accuracy, also revealing which polarisation
features should preferably be used for 3D reconstruction, and is applied to the real-world example of a raw
forged iron surface.

2. COMBINATION OF REFLECTANCE AND POLARISATION FEATURES FOR 3D
SURFACE RECONSTRUCTION

Well-known approaches to re°ectance-based 3D surface reconstruction areshape from shadingand photometric
stereo, the latter term referring to the evaluation of multiple images of the surface acquired under di®erent
illumination conditions.

For parallel incident light and an in¯nite distance between camera and object, the intensity I (u; v) of image
pixel (u; v) amounts to

I (u; v) = ·I i ¤ ( ~n(x; y; z);~s;~v) : (1)

Here, · is a camera-speci¯c constant,~v the direction to the camera, I i the intensity, ~s the direction of incident
light, and ¤ the so-called re°ectance function. A well-known example is the Lambertian re°ectance function
¤ ( ~n;~s) = Âcosµi with cosµi = ~n ¢~s=(j~njj~sj) and Â as a surface-speci¯c constant. The product·I i Â = ½(u; v)
is called surface albedo. In the following, the surface normal ~n will be represented in gradient spaceby the
directional derivatives p = zx and q = zy of the surface function z(x; y) with ~n = ( ¡ p; ¡ q;1)T . We de¯ne
accordingly ~s = ( ¡ ps; ¡ qs; 1)T and ~v = ( ¡ pv ; ¡ qv ; 1)T in gradient space. Eq. (1) can then be rewritten as

I (u; v) = R ((p(u; v); q(u; v)) : (2)

The function R(p; q) is called re°ectance map. Surface reconstruction based on a single monocular image with
no constraints is an ill-posed problem as for a given imageI (u; v) there exists an in¯nite number of solutions for
the unknown values ofp(u; v), q(u; v), and ½(u; v). In the following, this ambiguity is alleviated by introducing
a regularisation constraint on the shape of the surface, and a uniform surfacealbedo ½will be assumed. In this
paper we regard metallic surfaces with a strongly non-Lambertian re°ectance behaviour. These surfaces can be
regarded as being composed of micro-facets of random orientation. The re°ectance mapR therefore depends on
the incidence angleµi between the vectors~n and ~s, the emission angleµe between the vectors~n and ~v, and the
phase angle® between the vectors~s and ~v. It will be determined empirically by means of a suitable measurement
procedure (cf. Section 3).

Throughout this paper, a solving technique is used which is described in detail by Horn and Brooks 1989,3

Horn 1989,4 and Jiang and Bunke 1997,5 and which is based on the optimisation of a global error function.
One part of this error function is the intensity error term

ei =
LX

l =0

X

u;v

h
I ( l ) (u; v) ¡ R

³
µ( l )

i (u; v); µe(u; v); ®( l )
´i 2

: (3)

The number of light sources and thus of acquired images is given byL , and both the incidence angleµ( l )
i and the

phase angle®( l ) depend on the individual light source l. The anglesµi and µe depend on the surface orientation
at image location (u; v), while ® is assumed to be constant over the image.

As the pixel intensity information alone is not necessarily su±cient to provide an unambiguous solution for
the surface gradientsp(u; v) and q(u; v), a regularisation constraint es is introduced which requires smoothness



of the surface, i. e. for example small absolute values of the directional derivatives of the surface gradients. We
will therefore make use of the error term (cf. also Horn and Brooks 19893 or Jiang and Bunke 19975)

es =
X

u;v

£
p2

x + p2
y + q2

x + q2
y

¤
: (4)

In the scenarios regarded in this paper, the assumption of a smooth surface is realistic. For wrinkled surfaces,
where using Eq. (4) leads to an unsatisfactory result, it can be replaced by thedeparture from integrability error
term described in detail in Horn 1989.4

In our scenario, the incident light is unpolarised. For smooth metallic surfaces the light remains unpolarised
after re°ection at the surface. Rough metallic surfaces, however, partially polarise the re°ected light, as shown
by Wol® 1991.11 When observed through a linear polarisation ¯lter, the re°ected light will have a transmitted
radiance that oscillates sinusoidally as a function of the orientation of the polarisation ¯lter between a maximum
I max and a minimum I min . The polarisation angle © 2 [0±; 180±] denotes the orientation under which maximum
transmitted radiance I max is observed. Thepolarisation degreeis de¯ned by D = ( I max ¡ I min )=(I max + I min ) 2
[0; 1]. Like the re°ectance of the surface, both polarisation angle and degree depend onthe incidence angleµi ,
the emission angleµe, and the phase angle®. No su±ciently accurate physical model exists so far which is
able to describe the behaviour of light scattered from a rough metallic surface. We will therefore determine the
functions R© (µi ; µe; ®) and RD (µi ; µe; ®), describing polarisation angle and degree of the material, respectively,
for the given phase angle® over a wide range of values forµi and µe. To obtain analytically tractable relations
rather than discrete measurements, we ¯t phenomenological models to the obtained measurements (cf. Section 3).
An alternative approach not regarded here consists of computingR© (µi ; µe; ®) and RD (µi ; µe; ®) by interpolating
the measured values for © andD.

To integrate polarisation angle and degree into the 3D surface reconstruction framework, we de¯ne two
error terms e© and eD which denote the deviations between the measured values and those computed using the
corresponding phenomenological model, respectively:

e© =
LX

l =1

X

u;v

h
©( l ) (u; v) ¡ R©

³
µ( l )

i (u; v); µe(u; v); ®( l )
´i 2

(5)

eD =
LX

l =1

X

u;v

h
D ( l ) (u; v) ¡ RD

³
µ( l )

i (u; v); µe(u; v); ®( l )
´i 2

: (6)

Based on the feature-speci¯c error termsei , e© and eD , a combined error term e is de¯ned which takes into
account both re°ectance and polarisation properties:

e = es + ¸e i + ¹e © + ºeD : (7)

Minimizing error term (7) yields the surface gradients p(u; v) and q(u; v) that optimally correspond to the ob-
served re°ectance and polarisation properties, where the Lagrange parameters¸ , ¹ , and º denote the relative
weights of the individual re°ectance-speci¯c and polarisation-speci¯c error terms. With the discrete approxima-
tions

px (u; v) = ( p(u + 1 ; v) ¡ p(u ¡ 1; v)) =2

py (u; v) = ( p(u; v + 1) ¡ p(u; v ¡ 1)) =2

qx (u; v) = ( q(u + 1 ; v) ¡ q(u ¡ 1; v)) =2

qy (u; v) = ( q(u; v + 1) ¡ q(u; v ¡ 1)) =2 (8)

and the local averages

¹p(u; v) = ( p(u + 1 ; v) + p(u ¡ 1; v) + p(u; v + 1) + p(u; v ¡ 1)) =4

¹q(u; v) = ( q(u + 1 ; v) + q(u ¡ 1; v) + q(u; v + 1) + q(u; v ¡ 1)) =4 (9)
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Figure 1. (a) Plot of the three re°ectance components (cf. also Nayar et al. 19918). (b) De¯nition of the world coordinate
system.

we obtain an iterative update rule for p(u; v) and q(u; v) by setting the derivatives of e with respect to p(u; v)
and q(u; v) to zero:

pn +1 = ¹pn + ¸
LX

l =1

(I ¡ R(¹pn ; ¹qn ))
@R
@p

+ ¹
LX

l =1

(© ¡ R© (¹pn ; ¹qn ))
@R©
@p

+ º
LX

l =1

(D ¡ RD (¹pn ; ¹qn ))
@RD
@p

qn +1 = ¹qn + ¸
LX

l =1

(I ¡ R(¹pn ; ¹qn ))
@R
@q

+ ¹
LX

l =1

(© ¡ R© (¹pn ; ¹qn ))
@R©
@q

+ º
LX

l =1

(D ¡ RD (¹pn ; ¹qn ))
@RD
@q

(10)

This procedure is described in more detail by Jiang and Bunke 1997.5 The initial values p0(u; v) and q0(u; v)
must be provided based on a-priori knowledge about the surface (cf. Section 4). The surface pro¯le z(u; v) is then
derived from the resulting gradients p(u; v) and q(u; v) by means of numerical integration of the gradient ¯eld,
employing the algorithm described by Jiang and Bunke 1997.5 The partial derivatives in (10) are evaluated
at (¹pn ; ¹qn ), respectively, making use of the phenomenological model ¯tted to the measured re°ectance and
polarisation data (cf. Section 3).

3. ACQUISITION OF PHOTOPOLARIMETRIC IMAGE DATA

This section explains how the re°ectance and polarisation properties of the surfacematerial are measured and
described in terms of suitable analytical phenomenological models for further processing.

3.1. Measurement of re°ectance properties

According to Nayar et al. 1991,8 the re°ectance of a typical rough metallic surface consists of three components:
a di®use (Lambertian) component, thespecular lobe, and the specular spike. The di®use component is generated
by internal multiple scattering processes. The specular lobe, which is caused by single re°ection at the surface, is
distributed around the specular direction and may be rather broad. The specular spike is concentrated in a small
region around the specular direction and represents mirror-like re°ection, which isdominant in the case of smooth
surfaces. Fig. 1a illustrates the three components of the re°ectance function. We de¯ne ananalytical form for
the re°ectance for which we perform a least-mean-squares ¯t to the measured re°ectance values, depending on
the incidence angleµi and the angleµr between the specular direction~r and the viewing direction ~v (cf. Fig. 1a):

R(µi ; µr ; ®) = ½

"

cosµi +
NX

n =1

¾n ¢(cosµr )m n

#

: (11)
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Figure 2. (a) Measured re°ectance of a raw forged iron surface for ® = 75 ± . (b) Fit of a phenomenological model,
accounting for the di®use re°ection component along with the specular lobe and spike, according to Eq. (11).

For µr > 90± only the di®use component is considered. The albedo½ is assumed to be constant over the
surface. The shapes of the specular components of the re°ectance function are approximated by N = 2 terms
proportional to powers of cosµr . The coe±cients f ¾n g denote the strength of the specular components relative
to the di®use component, while the parametersf mn g denote their widths. All introduced phenomenological
parameters generally depend on the phase angle®. The angle µr can be expressed in terms of incidence angle,
emission angle, and phase angle according to

cosµr = 2 cosµi cosµe ¡ cos®; (12)

such that our phenomenological re°ectance model still only depends on the incidence angleµi , the emission angle
µe, and the phase angle®. A goniometer is used to adjust the anglesµi and µe. The illumination vector ~s, the
viewing direction ~v, and thus the phase angle® between the vectors~s and ~v are assumed to be constant over
the image.

As the dynamic range of the CCD camera used for our experiments is not su±ciently high to cover both
the di®use and the specular re°ectance components, we acquired a series of images over a wide range of shutter
times for each con¯guration of µi , µe, and ®, combining each series into a single high dynamic range image as
described e. g. by Debevec and Malik 1997.2 The re°ectance of the sample surface under the given illumination
conditions is then obtained by computing the average greyvalue over an area in the synthesised high dynamic
range image that contains a °at part of the sample surface. The re°ectance value is obtained up to the overall
scale factor½, which is computed from the image used for reconstruction as described in Section 4.A re°ectance
measurement typical for raw forged or cast iron surfaces is shown in Fig. 2afor ® = 75±. The corresponding
parameters of the re°ectance map according to Eq. (11) are given by

¾1 = 3 :85 m1 = 2 :61 ¾2 = 9 :61 m2 = 15:8; (13)

where the specular lobe is described by¾1 and m1 and the specular spike by¾2 and m2.

3.2. Measurement of polarisation properties

The measurement of the polarisation properties of the surface is similar to the re°ectance measurement. For each
con¯guration of goniometer angles, ¯ve high dynamic range images are acquired through a linear polarisation
¯lter at orientation angles ! of 0±, 45±, 90±, 135±, and 180±. For each ¯lter orientation ! , an average pixel
intensity over an image area containing a °at part of the sample surface is computed as described in Section 3.1.
To the measured pixel intensities we ¯t a sinusoidal function of the form

I (! ) = I c + I v cos(! ¡ ©): (14)



The ¯lter orientation © for which maximum intensity I c + I v is observed corresponds to the polarisation angle as
de¯ned in Section 2. The polarisation degree now becomesD = I v =Ic. In principle, three measurements would
be su±cient to determine the three parametersI c, I v , and ©, but the ¯t becomes less noise-sensitive and thus
more accurate when more measurements are used. The parameterI c represents the re°ectance of the surface.

According to Fig. 1b, the rotation angles of the goniometer de¯ne the surface normal~~n = ( ¡ ~p; ¡ ~q;1) of
the sample surface in a coordinate system with positivex and zero y component of the illumination vector ~s,
corresponding tops < 0 and qs = 0. Without loss of generality we will in the following assume a viewing direction
~v = (0 ; 0; 1)T . The surface normal~n in the world coordinate system, in which the azimuth angle of the light
source is denoted by the angleÃ, is related to ~~n by a rotation Rz (Ã) around the z axis:

~n = Rz (Ã)~~n; (15)

leading to

~p = pcosÃ + qsinÃ

~q = ¡ psinÃ + qcosÃ: (16)

Due to the lack of an accurate physically motivated model for the polarisation properties of rough metallic
surfaces, we perform a polynomial ¯t in terms of the surface gradients ~p and ~q to the measured values of the
polarisation angle © and degreeD. In this framework, the modelled polarisation angleR© is represented by an
incomplete third-degree polynomial of the form

R© (~p; ~q) = a© + b© ~p~q + c© ~q + d© ~p2 ~q + e© ~q3: (17)

The constant o®seta© can be made zero by correspondingly de¯ning the zero position of the orientation angle
! of the linear polarisation ¯lter. Eq. (17) is antisymmetric in ~q with respect to a© . At the same time,
R© (~p; ~q) = a© = const for ~q = 0, corresponding to coplanar vectors~n, ~s, and ~v. These properties are required
for geometrical symmetry reasons as long as the interaction between the incidentlight and the surface material
can be assumed to be isotropic.

The observed polarisation degreeRD is represented in an analogous manner by an incomplete second-degree
polynomial of the form

RD (~p; ~q) = aD + bD ~p + cD ~p2 + dD ~q2: (18)

In this case, symmetry in ~q is imposed for geometrical reasons, once more due to the assumed isotropy oflight-
surface interaction. Fig. 3 illustrates the polarisation properties ofa raw forged iron surface at a phase angle of
® = 75± along with the polynomial ¯ts according to Eqs. (17) and (18).

The iterative update rule (10) involves computation of the derivatives of surface re°ectanceR, polarisation
angleR© , and polarisation degreeRD with respect to the surface gradientsp and q. For the re°ectanceR de¯ned
according to Eq. (11) we obtain the derivative

@R
@p

= ½

"
@cosµi

@p
+ 2

NX

n =1

¾n mn
@cosµi cosµe

@p
(2 cosµi cosµe ¡ cos®)m n ¡ 1

#

(19)

with

cosµi =
~n ¢~s
j~njj~sj

=
1 + pps + qqsp

1 + p2 + q2
p

1 + p2
s + q2

s

and cosµe =
~n ¢~v
j~njj~vj

=
1 + ppv + qqvp

1 + p2 + q2
p

1 + p2
v + q2

v

: (20)

An analogous expression is obtained for@R=@q. Combining Eq. (16) with Eqs. (17) and (18), respectively, yields
the derivatives of the polarisation angle and degree:

@R©
@p

=
@R©
@~p

cosÃ ¡
@R©
@~q

sinÃ
@R©
@q

= ¡
@R©
@~p

sinÃ +
@R©
@~q

cosÃ

@RD
@p

=
@RD
@~p

cosÃ ¡
@RD
@~q

sinÃ
@RD
@q

= ¡
@RD
@~p

sinÃ +
@RD
@~q

cosÃ (21)
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Figure 3. Measured and modelled polarisation properties of a raw forged iron surface. Left: polarisation angle. Right:
polarisation degree.

Table 1. Evaluation results on synthetic ground truth data for a single photopolari metric image of the scene. Noise level
is § 0:04 for the re°ectance (maximum value 0:06), § 4± for the polarisation angle and § 0:05 for the polarisation degree.
The noise is uniformly distributed over the corresponding inter vals.

Features Figure 4 RMS error (without noise) RMS error (with noise)
z p q z p q

Re°ectance (c) 8.302 0.285 0.532 8.209 0.293 0.532
Pol. angle (d) 8.429 0.555 0.091 9.739 0.625 0.123
Pol. degree (e) 6.669 0.111 0.532 6.872 0.136 0.532
Pol. angle and degree (f) 0.999 0.085 0.034 0.890 0.080 0.082
Re°ectance and pol. angle (g) 2.763 0.224 0.054 2.793 0.251 0.094
Re°ectance and pol. degree (h) 8.023 0.263 0.532 8.028 0.259 0.532
Re°ectance and polarisation (i) 0.854 0.066 0.034 1.408 0.124 0.086
(angle and degree)

We have incorporated Eqs. (19), (20), and (21) into the iterative update rule (10) in order to compute the
surface gradientsp(u; v) and q(u; v), which ¯nally yield the 3D surface pro¯le z(u; v). Experimental results will
be reported in the following section.

4. EXPERIMENTAL RESULTS

4.1. Evaluation based on synthetic ground truth data

To examine the accuracy of 3D reconstruction, dependent on how many images based on whichre°ectance and
polarisation features are used, we apply the algorithm described in Section 2 tothe synthetically generated
surface shown in Fig. 4a. We still assume a perpendicular view on the surface along the z axis, corresponding
to ~v = (0 ; 0; 1)T . The scene is illuminated byL = 2 light sources (one after the other) under an angle of 15± with
respect to the horizontal plane at azimuth angles ofÃ(1) = 0 ± and Ã(2) = 90±, respectively. This setting results
in identical phase angles®(1) = ®(2) = 75± for the two light sources. The surface albedo½is computed based
on the specular re°ections, which appear as regions of maximum intensityI ( l )

spec in each image and for which we
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Figure 4. 3D reconstruction of a synthetically generated surface based on a singleimage. (a) Ground truth. (b) From
the left: Re°ectance image, polarisation angle image, polarisation degree image, without and with noise, respectively
(cf. Table 1). The 3D reconstruction result is obtained based on (c) re° ectance, (d) polarisation angle, (e) polarisation
degree, (f) polarisation angle and degree, (g) re°ectance and polarisation angle, (h) re°ectance and polarisation degree,
(i) re°ectance, polarisation angle and degree. The surface was initialised with p(u; v) = q(u; v) = 0. The reconstruction
results have been obtained based on noise-free images.

have µr = 0 ± and µ( l )
i = ®( l ) =2. Eq. (11) implies that

½=
1
L

LX

l =1

I ( l )
spec ¢

"

cos(®( l ) =2) +
NX

n =1

¾n (®( l ) )

#¡ 1

: (22)

Note that in Eq. (22) the dependence of the parameters of the re°ectance function on® is explicitly included. The
initial values for p(u; v) and q(u; v) must be provided relying on a-priori knowledge about the surface orientation.
In the synthetic surface example,p(u; v) and q(u; v) are initialised with zero values.
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Figure 5. 3D reconstruction of a synthetically generated surface based on a photopolarimetric stereo image pair. (a)
Ground truth. (b) From the left: Re°ectance image, polarisation angle im age, polarisation degree images. The 3D
reconstruction result is obtained based on (c) re°ectance, (d) polari sation angle, (e) polarisation degree, (f) polarisation
angle and degree, (g) re°ectance and polarisation angle, (h) re°ectance and polarisation degree, (i) re°ectance, polarisation
angle and degree. The surface was initialised with p(u; v) = q(u; v) = 0. The reconstruction results have been obtained
based on noise-free images.

The re°ectance, polarisation angle, and polarisation degree images shown in Figs. 4b and 5b have been
generated by means of the polynomial ¯ts to the measured re°ectance and polarisation properties presented in
Figs. 1 and 3. The weights for the corresponding error terms according to Eq. (7) are set to ¸ = 20 ( I in arbitrary
units, with a maximum of the order 0:1), ¹ = 10 (© in radian), and º = 10 (D between 0 and 1). When a feature
is not taken into account by the 3D reconstruction algorithm, the corresponding weight factor is set to zero. The
3D reconstruction results obtained based on all possible combinations of re°ectance and polarisation features
are shown for the single image case in Fig. 4c-i and for a pair of images inFig. 5c-i. The corresponding RMS
deviations from the ground truth for z, p, and q are given in Tables 1 and 2, respectively. According to Tables 1



Table 2. Evaluation results on synthetic ground truth data for photopolarimetric stereo image pairs of the scene. The
noise levels are chosen as for Table 1.

Features Figure 5 RMS error (without noise) RMS error (with noise)
z p q z p q

Re°ectance (c) 5.202 0.262 0.275 5.047 0.274 0.280
Pol. angle (d) 0.437 0.030 0.029 0.658 0.085 0.087
Pol. degree (e) 1.463 0.086 0.086 1.260 0.088 0.099
Pol. angle and degree (f) 0.383 0.025 0.024 1.058 0.094 0.083
Re°ectance and pol. angle (g) 0.366 0.025 0.022 0.849 0.087 0.091
Re°ectance and pol. degree (h) 0.964 0.062 0.055 1.526 0.101 0.079
Re°ectance and polarisation (i) 0.323 0.022 0.019 0.802 0.086 0.082
(angle and degree)
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Figure 6. Polarisation degree D (~p; ~q), measured at two di®erent locations of the same industrial part consi sting of forged
iron.

and 2, the performance of the presented 3D reconstruction method hardly decreases when noise is added to the
images.

Re°ectanceR and polarisation degreeRD appear to contain somewhat redundant information, as in both sce-
narios their combination yields the largest reconstruction error of all combinations of re°ectance and polarisation
features. Both R and RD display a maximum in the specular direction (µr = 0 ±) and decrease in a qualitatively
similar lobe-shaped manner for increasingµr . The dependence on surface orientation, however, is much stronger
for R than for D , while the measurement error tends to be signi¯cantly lower for the re°ectance. As a con-
sequence, 3D surface reconstruction should preferably be performed based on a combination of re°ectance and
polarisation angle in practical applications (cf. Section 4.2).

4.2. Application to a rough metallic surface

In this section, we will describe the application of photopolarimetric stereoto the 3D reconstruction of a raw
forged iron surface of an automotive part. For such a kind of surface, the shape of RD (~p; ~q) and especially the
maximum amount of the polarisation degree, i. e. the value ofaD in Eq. (18), tends to vary over the surface by
up to 20 percent in a rather unpredictable, erratic manner (cf. Fig. 6). These variations of RD (~p; ~q) are due to
its dependence on the local microscopic surface roughness. In contrast, the behaviour of the polarisation angle
turns out to show a behaviour which is independent of the location on the part surface. The polarisation degree
is thus an unreliable feature, such that we perform the 3D reconstruction of the forged iron surface based on a
combination of re°ectance and polarisation angle, relying on a photopolarimetric stereo image pair (L = 2). For
each pixel, the polarisation properties are determined as described in Section 3 for both images. The surface
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Figure 7. Application of the described 3D surface reconstruction method to a r aw forged iron surface. (a) Reconstructed
3D pro¯le of a °awless part, viewed from the right along image u axis. (b) Re°ectance, polarisation angle, and polarisation
degree images. (c) Surface gradients. (d) Reconstructed 3D pro¯le of a surface with a fault. (e) Re°ectance, polarisation
angle, and polarisation degree images. (f) Surface gradients. The di®erence in shape, compared to the °awless part, is
evident.

albedo is obtained according to Eq. (22). As the rough surface leads to a signi¯cant scatter in the measured
polarisation data, the images are blurred before the polarisation properties are computed. As a consequence,
the reconstructed surface pro¯les do not reveal small structures on scales comparable tothe surface roughness.

The 3D reconstruction result z(u; v) along with the re°ectance and polarisation images and the obtained
surface gradientsp(u; v) and q(u; v) is shown in Fig. 7 for a °awless part (a-c) and for a part with a fault (d-f),
respectively. The ground truth, i. e. independently derived accuratez(u; v) quantities, is not available, but
qualitatively the real surfaces show a behaviour that is very similar to the 3D pro¯les shown. The observed



malformed shape shown in Fig. 7d is due to a fault caused during the forging process. This anomaly is revealed
by a combined evaluation of re°ectance and polarisation angle information.

5. SUMMARY AND CONCLUSION

In this paper we have presented an image-based method for 3D surface reconstruction based on the simultane-
ous evaluation of re°ectance and polarisation information for multiple images (photopolarimetric stereo). The
re°ectance and polarisation properties of the surface material have been obtainedby means of a series of images
acquired through a linear polarisation ¯lter under di®erent orientations. Analy tic phenomenological models have
been ¯tted to the obtained measurements, allowing for an integration of both re°ectance and polarisation fea-
tures into a uni¯ed variational framework. The presented method has been evaluated based on a synthetically
generated surface. We found that for a single photopolarimetric image of the surface, both re°ectance and polar-
isation features are necessary to fully recover the surface shape. A more accurate3D reconstruction result was
obtained by making use of a photopolarimetric stereo pair of images. Furthermore we have applied our method
to the di±cult real-world scenario of 3D reconstruction of a surface section of a raw forged iron part, showing
that the approach is suitable for detecting anomalies of the surface shape and thatit might therefore be of use
in the context of quality inspection systems.
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