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Abstract. One of the problems that hinders the application of conven-
tional methods for shape-from-shading to the analysis of shiny objects
is the presence of local highlights. The first of these are specularities
which appear at locations on the viewed object where the local surface
normal is the bisector of the light source and viewing directions. High-
lights also occur at the occluding limb of the object where roughness
results in backscattering from microfacets which protrude above the sur-
face. In this paper, we consider how to subtract both types of highlight
from shiny surfaces in order to improve the quality of surface normal
information recoverable using shape-from-shading.

1 Introduction

Shape-from-shading (SFS) is concerned with recovering surface orientation from
local variations in measured brightness [5]. The observation underpinning this
paper is that although considerable effort has gone into the recovery of accurate
surface geometry, existing SFS methods are confined to situations in which the
reflectance is predominantly Lambertian. When the surface under study is shiny,
then the estimated geometry may be subject to error. The main problem that
can occur is that surface intensity highlights may lead to misestimation of surface
curvature. The most familiar example here is that of surface specularities. These
occur at locations on the surface where the local surface normal direction is the
bisector of the light source and viewing directions For this reason, if specular
highlights can be accurately located, then they can provide important cues that
can be used to constrain the recovery of surface shape. However, there is a
less well known effect that results in limb brightening. This is due to surface
roughness and results from oblique scattering from microfacets that protrude
above the limb perpendicular to the line of sight.

The problem of non-Labmertian and specular reflectance has been widely
studied [6,13]. For instance, Healey and Binford [4] have shown how to simplify
the Beckmann distribution [1] using a Gaussian approximation to the distribu-
tion of specular angle. This simplification can be used in conjunction with the
Torrance and Sparrow model [14] to model intensity variations in the analysis
of surface curvature. Several authors have looked critically at the physics un-
derlying specular reflectance. For instance, Nayar, Ikeuchi and Kanade [9] have
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shown that the Torrance-Sparrowmodel [14] is applicable to the modelling of the
specular lobe rather than the specular spike. Wolff [15] also has a model which
combines diffuse and specular reflectance components, in which the parameters
are chosen on the basis of the known physical properties of particular surfaces. In
a series of recent papers, Lin and Lee have shown how specular reflections due to
multiple light-sources can be located in multi-band imagery [7]. Finally, Nayar,
Fang and Boult [10] have used polarisation filters to detect specular reflection.

There has also been a considerable body of work devoted to reflectance from
rough surfaces. As noted above, this process is responsible for limb brightening.
Oren and Nayar [11] have developed a model which can be used to account for
reflectance from surfaces with a rough microfacet structure. Dana, Nayar, Van
Ginneken and Koenderink [3] have catalogued the BRDF’s for 3D surface tex-
tures. Recently, Magda, Kriegman, Zickler and Belhumeur [8] have commented
on how shape can be recovered from surfaces with arbitrary BRDF’s. Finally,
Wolff [15] has shown how the Fresnel term can be used to model reflectance from
a variety of surfaces.

In this paper our aim is to incorporate both specular and rough limb re-
flectance into the SFS process. This is a two-step process. First, we make esti-
mates of the local surface normals using geometric constraints on the directions
of Lambertian and specular reflectance to recover surface normal directions. The
approach is a probabilistic one, which uses a mixture model to estimate the pos-
terior mean direction of Lambertian and specular reflectance. Once the posterior
mean surface normals are to hand, then we can perform photometric correction
on the original image. This is again a two-step process. First, we subtract specu-
larities using the Torrance-Sparrow (T-S) model. Second, we correct the residual
non-specular component using the Oren-Nayar model. The result is a corrected
Lambertian image from which both local specularities and limb-brightening ef-
fects are removed. By applying a Lamertian SFS algorithm to the corrected
image, we obtain an improved estimate of the surface normal directions.

2 Reflectance Geometry

In this section we outline the geometry of the reflectance processes which un-
derpin our SFS model. We adopt a two-component model in which the predom-
inantly Lambertian surface reflectance exhibits local specular highlights.

In the case of Lambertian reflectance from a matte surface of constant albedo
illuminated with a single collimated light-source, the observed intensity is inde-
pendent of the viewing direction. Suppose that L is the unit-vector in the direc-
tion of the light source and that NL(i, j) is the unit-vector in the surface normal
at the pixel (i, j). According to Lambert’s law, the observed image intensity at
the pixel with coordinates (i, j) is E(i, j) = NL(i, j) · L

The second component of our reflectance process is concerned with modelling
local specular highlights on the observed surface. For specular reflection the
surface normal, the light source and the viewing directions are coplanar. The
incidence angle is equal to the angle of specular reflectance (Figure 1a). Hence,
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the direction of the surface normal N
(n)
S is the bisector of the light source (L)

and the viewing (V ) directions and the unit-vector is N
(n)
S = (L+V )

‖L+V ‖ .

3 Bayesian Framework

The aim in this paper is to develop a Bayes-decision scheme for separating the
two reflectance modes [12]. In other words, we wish to compute the a posteriori
probabilities of specular or Lambertian reflectance. The aim is to label pixels
according to the reflectance mode from which they originated. The class identity
for the pixel (i, j) at iteration n is denoted by ω

(n)
i,j . The class-identity may be

drawn from the set Ω = {S, L} where S is the specular reflectance label and L is
the Lambertian reflectance label. For each image location, we maintain a specular
surface normal and a Lambertian surface normal which satisfy the geometric
constraints outlined in Section 2. At iteration n of the algorithm the currently
available estimates of the two surface normals are respectively N

(n)
L (i, j) and

N
(n)
S (i, j). In the case of the specular component, the normal direction is in the

direction of local specular reflection, and does not change with iteration number.
In the case of Lambertian reflectance, the normal direction varies with iteration
number, but is always projected to be positioned on the irradiance cone.

To develop our decision process, we require two probabilistic modelling in-
gredients. The first of these are separate probability density functions which can
be used to represent the distributions of surface normals for the two reflectance
components. We evaluate these densities at the posterior mean (PM) surface
normal M (n)(i, j) computed at iteration n. The reason for doing this is that
the current values of the two normals are guaranteed to satisfy the geometric
constraints outlined in Section 2. As a result, they will be associated with van-
ishing angular error. Accordingly, we let q

(n)
i,j (L) = p(M (n)(i, j)|ω(n)

i,j = L) be
the probability distribution for the PM surface normal under the Lambertian
reflectance model. Similarly, we let q

(n)
i,j (S) = p(M (n)(i, j)|ω(n)

i,j = S) denote
the distribution function for the PM surface normal for the specular reflectance
component.

The second probabilistic ingredient is a smoothness prior for the selected
surface normal. This component of the model incorporates contextual informa-
tion. Indexing the surface normals according to their pixel locations, suppose
that Γ

(n)
i,j = {M (n)(k, l)|(k, l) ∈ Gi,j} is the set of PM surface normals in the

neighbourhood Gi,j of the pixel (i, j). We let P
(n)
i,j (L) = P (N (n)

L (i, j)|Γ (n)
i,j ) be

the conditional probability (or smoothness prior) of the Lambertian surface nor-
mal at the location (i, j) given the field of surrounding PM surface normals.
With these ingredients, then according to the iterated conditional modes, the
probability that the pixel (i, j) belongs to the Lambertian class at iteration n is

P (ω(n)
i,j = L|M (n)(i, j)) =

q
(n)
i,j (L)P (n)

i,j (L)∑
Λ∈Ω q

(n)
i,j (Λ)P (n)

i,j (Λ)
(1)
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The probability that the surface normal belongs to the specular class is the
complement, These probabilities can be used to separate the two reflectance
modes. With these probabilities to hand, we can update the estimate of the PM
surface normal in the following manner

M (n+1)(i, j) = N
(n)
S (i, j)P (ω(n)

i,j = S|M (n)(i, j))

+ N
(n)
L (i, j)P (ω(n)

i,j = L|M (n)(i, j))

4 Surface Normal Distribution

To apply the MAP estimation scheme outlined in the previous section, we require
probability distributions for the two surface normals together with the smooth-
ness prior. For the specular surface normals, we use the Beckmann distribution
to model the angle α = cos−1(M (n)(i, j) · N (n)

S (i, j)), between the PM surface
normal M (n)(i, j) and the predicted direction of the specular spike N

(n)
S . The

normalized distribution is

q
(n)
i,j (S) = D(α) =

1
σS(2 + σ2

S) cos4 α
exp

[
−

(
tan(α)

σS

)2
]

(2)

where σS is a parameter which controls the angular spread of the specular spike.
This distribution can be used to model the shape of both the specular spike and
the specular lobe. Our model of the Lambertian reflectance process assumes that
the observed intensity values follow a Gaussian distribution with variance σ2

L.
The mean intensity is M (n) · L. Under these assumptions we can write

q
(n)
i,j (L) =

1√
2πσL

exp

[
−1
2

(
E(i, j)− M (n)(i, j) · L)

σL

)2
]

(3)

Our model for the surface normal smoothness prior is based on the average
value of the inner product of the surface normal at the location (i, j) with the
surrounding field of PM surface normals. We write

P
(n)
i,j (Λ) =

1
2|Gi,j |

[
|Gi,j |+

∑
(k,l)∈Gi,j

N
(n)
Λ (i, j) · M (n)(k, l)

]
(4)

When the PM surface normals from the neighbourhood Gi,j are aligned in the
direction of N

(n)
Λ (i, j), then P

(n)
i,j (Λ) = 1, the larger the misalignment then the

smaller the value of smoothness prior.

5 Specular SFS Algorithm

Having described the Bayes framework and the associated two-mode reflectance
model, we are now in a position to develop a practical SFS algorithm.

We commence by initialising the algorithm. The initial Lambertian surface
normal N

(0)
L is constrained to lay on the irradiance cone in the direction of the

image gradient. The subsequent iterative steps of the algorithm are as follows:
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– 1: The field of PM surface normals M (n) (initially equal to N
(0)
L ) is sub-

jected to local smoothing. Here we use the curvature sensitive smoothing
method [16]. The smoothed PM surface normal is denoted by M

(n)
R (i, j).

– 2: We update the current estimate of the Lambertian surface normal by
projecting the smoothed PM surface normal onto the nearest location on
the irradiance cone. This gives us the revised surface normal of N

(n)
L .

– 3: With M
(n)
R (i, j) to hand we compute the conditional measurement densi-

ties q
(N)
i,j (L) and q

(N)
i,j (S) for the two reflectance modes. Taking M

(n)
R (i, j),

N
(n)
L and N

(n)
S , we compute the smoothness priors P

(n)
i,j (L) and P

(n)
i,j (S),

and also the updated a posteriori probabilities for both reflectance modes.
– 4: Using N

(n)
L and N

(n)
S and the updated a posteriori probabilities, we com-

pute the new PM surface normal M (n+1)(i, j) and we return to step 1.

The steps of the algorithm are summarised in Figure 1b. The PM surface normals
delivered by our SFS algorithm can be used for the purposes of reconstructing
the specular intensity component. The reason for doing this is that the specular
intensity may be removed from the original image intensity to give a corrected
Lambertian image. We use the T-S model [14] to reconstruct the specular in-
tensity component IS . With the reconstructed specular intensity to hand, we
can compute the matte reflectance component IL(i, j) = E(i, j) − IS(i, j). By
re-applying the SFS algorithm to this corrected intensity image, we aim to re-
cover improved surface normal estimates, free of the high curvature artifacts of
specular highlights.

6 Correcting for Limb-Brightening

As mentioned earlier, there may also surface brightness anomalies due to rough
reflectance from the limbs of objects. Our aim in this section is to show how the
Oren and Nayar model [11] can be used to further correct the images obtained by
specular subtraction for limb-brightening. According to this model, for a point
on a rough surface with roughness parameter of σ and illuminant incidence
direction (θi, φi) and reflectance direction (θr, φr), the reflectance functions is

Lr(θi, θr, φr − φi;σ) =
ρ

π
E0 cos(θi)(A + B max [0, cos(φr − φi)] sin(α) tan(β))

where A = 1.0 − 0.5 σ2

σ2+0.33 , B = 0.45 σ2

σ2+0.09 and α = max[θi, θr] , β =
min[θi, θr]. It is important to note that the model reduces to the Lambertian
case when σ = 0. Here, we aim to utilize this model to deduce a corrected Lam-
bertian reflectance image from the matte component delivered by our specular
subtraction method. To do this, we assume that σ is almost constant and the re-
flectance measurements are obtained in the plane of incidence (φr = φi = 0). We
also confine our attention to the case where the angle between the light source
and the viewing directions is small, i.e. θr = θi = θ. With these two restrictions,
we can write cos(φr−φi) = 1 and α = β = θ. Hence, the non-specular (or matte)
intensity predicted by the simplified Oren-Nayar (O-N) model is
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IM (i, j) = A cos θ + B sin2 θ (5)

Hence, the matte intensity consists of two components. The first of these is a
Lambertian component A cos θ. The second is the non-Lambertian component
B sin2 θ which takes on its maximum value where θ = π

2 , i.e. close to the oc-
cluding boundary. To perform Lambertian correction, we proceed as follows. At
every pixel location, we use Equation (5) to estimate the angle θ using the sub-
tracted matte intensity and solving the resulting quadratic equation in cos θ.
The solution is

cos θ =
A ∓ √

A2 − 4B(IM (i, j)− B)
2B

(6)

We take the sign above which results in a value of A cos θ which is closest to
the matte intensity IM (in the majority of cases this involves taking the solution
associated with the minus sign). This hence allows us to reconstruct the cor-
rected Lambertian reflectance image IL = A cos θ. It also gives us an estimate
of the opening angle of the Lambertian reflectance cone. This can then be used
in the Worthington and Hancock SFS scheme which assumes the Lambertian
reflectance model to recover improved surface normal estimates.

In Figure 2a we show the Lambertian reflectance cos θ (equation 6) as a
function of the roughness parameter σ and the matte intensity IM . When the
roughness is zero, then the Lambertian and matte intensities are equal to one
another. When the roughness increases, then the departures from Lambertian
reflectance become more marked. In Figure 2b we plot the ratio IL

IM
as a function

of the incidence angle θ. The different curves are for different values of the
roughness parameter σ. For zero roughness, the ratio is flat, i.e. the reflectance
is purely Lambertian. As the roughness increases, then so the value of the ratio
decreases with increasing incidence angle. For normal incidence, the ratio is
always unity, i.e. the reflectance is indistinguishable from the Lambertian case,
whatever the value of the roughness parameter is.

7 Experiments

The images used in our experiments have been captured using an Olympus 10E
camera. The objects studied are made of white porcelain and are hence shiny.
Each object has been imaged under controlled lighting conditions in a darkroom.
The objects have been illuminated using a single collimated tungsten light source.
The light source direction is recorded at the time the images are captured. To
ground-truth the surface highlight removal process, we have used a pair of po-
laroid filters. We have placed the first filter between the light source and the
illuminated object. The second filter was placed between the illuminated object
and the camera. For each object we have collected a pair of images. The first of
these is captured when the second filter (i.e. the one between the camera and
the object) is rotated until there is maximal extinction of the observed specu-
larities. The second image is obtained when the polaroid is rotated through 90◦,
i.e. there is minimal extinction of the specularities. We refer to the polarisation
conditions of the former image as “uncrossed” and of the latter as “crossed”.
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In Figure 3 we show the results obtained for three of the objects used in our
study. The objects are a porcelain bear, a porcelain vase and a porcelain urn. The
top row of the Figure shows the images obtained with uncrossed polaroids while
the second row shows the images obtained with crossed polaroids. The third
row shows the difference between the crossed and uncrossed polaroid images.
The strongest differences occur at two different locations. Firstly, there are the
positions of specularities. From the uncrossed polaroid images it is clear that
there are several quite small specular reflections across the surface of the bear.
The vase has larger specularities on the neck and the centre of the bulb. The
urn has a complex pattern of specularities around the handles. From the crossed
polaroid images it is clear that most of the specular structure is removed. The
second feature in the difference images are the locations of occluding object
limbs, where oblique scattering occurs.

In the fifth row of Figure 3, we show the reconstructed specular intensity
obtained using the T-S model, i.e. IS , The fourth row shows the matte images IM

obtained after specularity subtraction. Turning our attention to the matte images
and the specular images, it is clear that for each of the objects the specular
structure is cleanly removed and the matte appearance is close to that obtained
with the crossed polaroids. Also, the pattern of specularities obtained in each
case corresponds to that obtained by subtracting the crossed polaroid images
from the uncrossed polaroid images.

In Figure 4 we investigate the shape information recoverable. The top row
shows the Lambertian images after correction for rough limb reflectance using
the simplified O-N model, i.e. IL. In the second row of the Figure we show
the needle maps obtained when the SFS is applied to the corrected Lambertian
images (IL) appearing in the top row of this Figure. The third row of Figure 4
shows the difference in needle-map directions for the matte (IM ) and Lambertian
images (IL). Here the main differences occur at the limbs of the objects. The
fourth row of Figure 4 show the curvedness estimated using the surface normals
delivered by the corrected Lambertian images. In the case of the urn the ribbed
structure emerges well. The complex surface structure of the bear, in particular
the boundaries of the arms and legs, is clearly visible. For the urn the symmetric
structure of the neck and the bulb is nicely preserved.

In Figure 5 we provide some analysis of the different reflectance models used
in our experiments. In the left hand panel of the Figure, the solid curve is the
intensity cross-section along a horizontal line crossing the uncrossed image of the
neck of the vase shown in Figure 3. The dashed curve shows the matte image IM

while the dotted curve is the specular component IS . The specularity on the
neck is clearly visible as a peak in the solid curve. This peak is cleanly subtracted
in the matte (dashed) curve. In the right-hand panel we focus on the corrected
Lambertian image. Here the solid curve is the matte reflectance IM . The dashed
curve is the corrected Lambertian reflectance IL. The differences between the two
curves are small except at the limbs of the object. To examine the effect of the
model in more detail, the dotted curve shows the ratio of corrected Lambertian
and matte reflectance ρ = IL

IM
. The ratio drops rapidly towards zero as the limbs
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are approached. Also shown on the plot as a dash-dot curve is the predicted value
of the ratio based on the assumption that the object has a circular cross-section.
If x is the distance from the centre and r is the radius of the circle, then value of

the ratio at a distance x from the centre is ρ(x) =
A
√

1−( x
r )2

A
√

1−( x
r )2+B( x

r )2
. This simple

model is in reasonable agreement with the empirical data.

8 Conclusions

In this paper we have shown how to use shape-from-shading to perform photo-
metric correction of images of shiny objects. Our approach is to use estimated
surface normal directions together with reflectance models for specular and rough
reflectance to perform specularity removal and rough limb-correction. Specu-
larities are modelled using the T-S model while the rough limb brightening is
modelled using the O-N model. We commence by using an iterated conditional
modes algorithm to extract surface normals using a mixture of specular and
matte reflectance directions. The resulting surface normals are used to perform
specularity subtraction. Finally, we correct the residual matte reflectance com-
ponent for rough limb scattering using the O-N model. The resulting corrected
Lambertian images can be used as input to a conventional shape-from-shading
algorithm and result in improved recovery of object-geometry.
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Fig. 1. Geometry of the specular reflectance and the surface normal update
process
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Fig. 2. Plots showing the behaviour of the Oren and Nayar model for rough
surfaces
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Fig. 3. Applying our specular SFS to separate the specular and matte compo-
nents
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Fig. 4. Surface normals obtained by running SFS over matte and Lambertian
images
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