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Abstract
Shape-from-shading methods recover 3-D shape from in-

tensity images. Often, Lambertian reflectance is assumed.
The Lambertian assumption is attractive because it simpli-
fies the analysis. Alternatively, non-Lambertian reflectance,
including specularity, is accommodated in methods that
measure reflectance empirically either using a separate cal-
ibration object or the target object itself, in self-calibration.
Here, a new Fast Marching Method (FMM) is described to
recover 3-D shape. It assumes a single, directional light
source aligned with the viewing direction. Non-Lambertian
reflectance is handled via self-calibration based on con-
trolled rotation of the target object. Experiments using both
synthetic and real data are demonstrated.

1 Introduction
3-D shape recovery is an important topic in computer vi-

sion. Photometric stereo, introduced by Woodham [1], is
one approach to obtain “shape from shading.” Photometric
stereo is a simple technique to recover the surface normal at
each visible surface point. It uses multiple images obtained
from a fixed viewpoint under different conditions of illumi-
nation. A fully empirical approach to photometric stereo
was demonstrated in [2]. Hertzmann and Seitz [3] extract
information both about surface shape and surface material
in a semi-empirical approach. Iwahori et al. developed em-
pirical, neural network (NN) based implementations [4] [5].
The idea behind an empirical approach is to use a calibra-
tion object of known shape, typically a sphere, that has the
same (or similar) reflectance characteristics to those of a tar-
get object whose shape is to be determined. Iwahori, Watan-
abe et al. [6] rotate the test object itself to generate a virtual
sphere for self-calibration.

In standard shape from shading, only one image is
assumed. However, additional assumptions about target
shape and/or surface reflectance are required. When re-

flectance is Lambertian and there is a single, directional
light source aligned with the viewing direction, the image
irradiance equation is an Eikonal equation. Kimmel and
Sethian [7] solve this equation using Sethian’s Fast March-
ing Method (FMM) [8] .

This paper demonstrates that the assumption of Lamber-
tian reflectance can be removed. A one degree of freedom
conversion table is generated via rotation of the target ob-
ject to map actual surface reflectance to an equivalent Lam-
bertian reflectance. Once this is done, the image irradiance
equation again is Eikonal and shape can be obtained via the
FMM. We demonstrate this using 19 images of a real object
that has a substantial specular component in its reflectance.

2 Shape Recovery by Fast Marching Method

Let the surface, z(x, y), be given in a coordinate system
such that the z-axis is aligned with the viewing direction.
If the light source direction also is aligned with the z-axis
then, for Lambertian reflectance, the image irradiance, E,
becomes

E =
1√

p2 + q2 + 1
(1)

where the surface gradient, (p, q), is given by p = ∂z/∂x
and q = ∂z/∂y. Eq.(1) can be rewritten as

√
p2 + q2 =

√
1

E2
− 1 (2)

which is of the form |∇z(x, y)| = f(x, y) and thus is an
Eikonal equation. See [7] for details on how the contin-
uous problem, Eq.(2), is discretized and solved with an
O(N log N) FMM [8] algorithm, where N is the number
of grid points. A summary of the algorithm follows (see
Fig.1):
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(a) Input Image (b) Magnified Image

(c) Gray Scale Image (d) Generated Lambertian
Image

[mm]

(e) Recovered Shape (f) Magnification of (e)
[mm]

(g) Recovered Shape (h) Magnification of (g)
(Method of [7])

Figure 5. Owl Example

Fig.5(c) is shown in Fig.5(g)(h). In Fig.5(e)(g), the num-
bers on each axis are given in [mm]. Recall again that
[7] assumes Lambertian reflectance while the owl example
includes significant specularity. Not surprisingly, Fig.5(g)
again shows that [7] is affected by specularity. The result
with [7] is a simple convex surface. Fig.5(e) demonstrates
that our approach produces the qualitatively correct shape
in more complex situations including, for example, around
the eye and around the nose. Magnified detail is shown in
Fig.5(b)(f)(h).

Experiments were conducted using an Athlon 64X2
4200+ CPU with 2GB memory and Geforce 6600GT SLI.
The recovery of the shape of the owl took 10 [sec] when
computed on a 400 × 740 grid. Of this 10 [sec], 8.5 [sec]
was used to generate the conversion table. Generating the
conversion table took 19 images as input. The remaining
1.5 [sec] was the time required by the FMM algorithm it-
self. Thus, the time taken to generate the conversion table

was high, by comparison. However, this is a once only cost
that can be amortized over shape recovery from multiple
target poses.

5 Conclusion

This paper described a new method to recover the
3-D shape of a target object using a Fast Marching
Method and self-calibration. The method accommodates
non-Lambertian reflectance, including specularity. Self-
calibration is achieved via controlled rotation of the target
object. Self-calibration requires fewer images than was the
case in previous work [6].

Results on synthetic data quantified errors and confirmed
improved accuracy. Experiments with a real object also
demonstrated improvement in recovered shape.

Automating the choice of rotation axis and feature point
analysis would enhance self-calibration. This remains as
future work.
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