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Abstract

Most shape estimation algorithms assume images of smooth surfaces with
constant surface reflectance and often require knowledge of illuminant po-
sitions. These two requirements limit the applicability of such approaches
to a small subset of imaged objects. In this paper a variational approach
to the shape-from-color problem is presented that requires no knowledge
of scene illuminants, and makes no assumptions regarding an object’s re-
flectance properties. Using a surface smoothness constraint, this technique
can accurately reconstruct the shape of any continuous Lambertian surface
given only asingle color image. The capabilities of thisalgorithm are demon-
strated using synthetic and real imagery.

1 Introduction

Humans have the ability to infer both the surface reflectance and three-dimensional shape
of objects from two-dimensional photographs under simple and complex illumination
fields. A central theme of research in computer vision has focused on understanding and
mimicking this ability of humansto reconstruct object shape from two-dimensional visual
cues due to the central role shape plays in a variety of applications. Unfortunately, most
of the reported algorithms in the area rely on a number of simplifying assumptions that
degrade their performance in uncontrolled environments.

Shape estimation is defined as the recovery of a discrete set of surface normals which
represent the orientation of local areas along a continuous surface. Due to the physics of
light reflection at material surfaces[1], the apparent image intensity of asurface patch at a
given wavelength is a function of the angle between the surface normal and the direction
cosines of the incident illuminants. Hence, both gray-scale and color image intensity
information can be used to estimate surface shape from asingle image.

Local surface orientation has three degrees of freedom, but gray-scale intensity in-
formation and normal conditions provide only two analytical constraints. The under-
constrained nature of this problem results in an ambiguity in the recovered shape. Thus,
the primary challenge in the development of shape-from-shading algorithms using gray-
scale imagery lies in uncovering other senlsgr% or heuristic information which can be
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used to further constrain the process. Various additional criteria have been proposed and
employed for shape estimation, the most popular being smoothness [2, 3, 4], or more
recently, symmetry [5]. While techniques based on these constraints perform well in con-
trolled conditions, they assume surfaces with constant reflectance, or apparent color, and
often require knowledge of illuminant positions, severely restricting their application to
images of typical objects acquired outside the laboratory.

As reported by Drew and Kontsevich [6, 7], a closed-form linear solution exists for
estimating both surface orientation and illumination parameters up to an orthogonal trans-
formation given a single RGB color image. Using the orientation normality constraint,
the illumination function is first estimated and then directly employed in the computation
of surface normals. While this shape-from-color method is able to recover shapes given
images acquired in uncontrolled lighting environments, the apparent color of the surface
must remain constant for accurate estimation.

For a single-image shape estimation algorithm to be applicable in general environ-
ments, it must not require either 1) knowledge of illumination conditions, or 2) surfaces
of constant reflectance. In this paper, we present anew technique for the automatic recov-
ery of surface shape using color images that meets the above two criteria. Through the
explicit use of a variational smoothness criteria, this iterative approach compensates for
the orientation errors which arise from applying the existing shape-from-color technique
to surfaces with non-constant reflectance.

2 Problem Overview

For color images, the apparent image intensity of points on athree-dimensional Lamber-
tian surface, I(z,y) € R?, can be modeled using the expression

I(z,y) = S(z,y)L(z,y)N(z,y)i(z, y) 1)

where S(z,y) € R**? isadiagona matrix representing the surface reflectance function,
L(z,y) € R**3 isthe illuminant spectra function, N(z,y) € R3*3 is the illuminant
position function, and 7i(z,y) € R? is the surface normal map of the imaged object [1].
Letting

M(l‘, y) = S($, y)L(a:, y)N(df, y)v
equation 1 can be rewritten in terms of apparent color as

-

ii(z,y) = M(z,y) ' I(z,y). 2

This equation represents the fundamental shape-from-color mapping — a linear trans-
formation which relates the apparent color to orientation for each surface point. Under
controlled conditions where the light source positions, light source spectra, and surface
reflectance function of the object are known, shape can be recovered from the apparent
color of pixelsin a single image via a simple matrix inversion. Under normal imaging
conditions, however, the illumination and surface reflectance functions are typically un-
known.

If theimaged surface is not textured or self-occluding, however, the shape-from-color
mapping, M, is constant over (z,y), and can be recovered up to an orthogonal transfor-
mation [6]. By definition, the inner produ%o‘fl the surface orientation at a point on the
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surface must be such that
ii(x, y) ii(z, y) = 1. 3

Through substitution of equation 2, this normality condition provides a quadratic con-
straint on the entries of the shape-from-color mapping,

(M (2, y))" (M (z,y)) = 1
I_T(x,y)M_TM_lf(m,y) =1

Hence, every pixel of theimaged surface must fall on the color-space €ellipse given by
Y lt,, +y22l3 , + 73315,

+2v12l1 mlon + 21310 I3 0 + 2v2302 n 13 =1 (5

where ;; are the entries of the matrix I', and I, ,, are the k entries of the pixel intensity

vegtor, I(x,,, y»). Given N surface pixelsin theimage, there are N such equations which
can be used to form the linear system

F7=1, ©6)
where z € RS such that

7= [’711 Y22 V33 Y12 Y13 723]T
and F € RV*6 such that

2 2 2
Iy I3y I3y hLoalen Lialsn Ioals;
F = o
2 2 2
Iy Ly I3y Loy LhinIsn IonI3n

Solving equation 6 for Z’ produces an estimate of I'". The shape-from-color matrix, M.,
can then be computed up to arotation using Cholesky decomposition [8] and employed
to construct an estimate of the surface orientation map, 7i. (z, y), using equation 2.

The quadratic nature of the mapping constraint equation 4 implies that the estimated
shape-from-color matrix, M., is related to the actua mapping, M, by an orthogona
transformation, R € R®*3, such that

M. = MR.

Asaresult, the surface normal function recovered using M, and equation 2, isalso related
to the actual orientation map by the inverse rotation,

Ae(z,y) = M I(z,y) = (MR) 'I(z,y) = R"'M ' I(z,y) = R ii(z,y) (7)

This result is not surprising due to the bi-linear nature of the lighting model. Various
methods have been proposed for estimating this unknown rotation based on the heuristic
assumption that the surface of interest isfacing the camera[6]. Recovery of thisrotationis
often ignored when knowledge of the surface poseis not necessary for agiven application,
and is not addressed in this paper. 165



Figure 1. Surface shapes computed using the closed-form shape-from-color method de-
scribed in section 2. Note that changes in surface color result in erroneous shape esti-
mates.

Figures 1(a) and (b) show two different surfaces recovered using the shape recovery
processfor unknown illuminants described above. The shape-from-color algorithmisable
to accurately recover shape for these objects where both the constant color and non-self-
occluding assumptions are satisfied. When the constant surface reflectance assumption
is not satisfied, however, the previously reported technique is unable to accurately recon-
struct surface shapes as demonstrated in figures 1(c) and (d).

The inability of the existing shape-from-color technique to perform properly in the
presence of color variations is a direct consequence of the ellipsoid-based method em-
ployed to recover the illumination matrix. When the apparent color of the surface is
constant, the intensity vector of each surface pixel will fall on a single ellipse whose co-
efficients can be computed using the linear system of 6. The apparent intensity of surface
pixels will fall on K different color-space ellipsoids, however, given a surface with K
colors. If the linear system 6 is then used to recover the shape-from-color transform, the
resulting parameters will belong to a single ellipse which is the ‘best-fit' to all K €lip-
soidsin aleast square sense. Ignoring the unknown global rotation, the relation between
the estimated orientation, 7. (x,y), and actual surface normal, 7i(z,y), for an arbitrary
surface point will be given by

fe(z,y) = M
M

E(z,y)i(z,y) )

where S(z,y) = S(z,y)S; ! is the point-wise adjusted surface reflectance, and S, is
the ‘constant’ surface reflectance that corresponds to the best-fit ellipsoid. This unde-
sired transformation expresses itself as erroneous surface discontinuities at surface color
boundaries as clearly demonstrated in fi gurtla é(g).
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3 A Variational Approach to the Shape-from-Color
Problem

The existing closed-form solution to the simultaneous shape-from-color transform and
orientation estimation problem discussed in the previous section is unable to accurately
estimate shape when the reflectance of the imaged surface is not constant because it does
not strictly enforce surface smoothness. A new variational algorithm is presented in this
section that is able to estimate surface shape in the presence of reflectance variations
through the explicit use of a continuity constraint.

Given initial estimates of both the shape-from-color mapping, M(z, y), and the sur-
face orientation map, 7i(x,y), the total apparent image intensity error associated with
those estimates is expressed as

€= Z f(:I,‘7 y) - M(iC, y)ﬁ(.’l}, y)
x,Y
Thus, possible solutions to the shape-from-color problem satisfy the expression

: _ T _ g 2

Many possible solutions to equation 9 could exist, however, that violate (1) the nor-
mality constraint on the recovered surface normals, 77 (z, y)7i(x,y) = 1, and (2) the
assumed smoothness of the recovered orientation map. To insure that each normal is
unity, a new term isincorporated into the error expression yielding

mine = >, y) = M, y)iie, )| + p(llf(z,y)]* - 1)% (10)

where 1 is a scalar. It is of interest to note that Drew’s method for recovering shape
given unknown reflectance and lighting conditionsis essentially a closed-form solution to
equation 10 over both M and 7i.

In the presence of non-constant surface reflectance, however, an additional constraint
based on surface smoothness must be added to insure a continuous solution. Because any
surface from which shape can be extracted is assumed C? continuous, the smoothness
penalty criteria,

|22 || O i o gy P

can be used to construct the functional constraint,

. - B _ 2
{\H/I{EE_LE;HI(x’y) M(z, y)ii(z,y)||"+

B (|17, y) |2 + |17y (2, 9)|1%) + e ([, 9)][* — 1) (11)
where 3 is aconstant.
Given the shape-from-color transform, M(z, y), the function of equation 11 can be
minimized with respect to the surface orientation map, 7(z,y). Using the calculus of
variations, the Euler equation corresponding to equation 11 is given by

M7 (I — M) 5 gv;‘* — it =0. (12)
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where the dependence on (z, y) has been dropped for notational simplicity. Solving egqua-
tion 12 for the scaled surface orientation u77 yields

pit = MT (I = M) + gV2i (13)

Pre-multiplying equation 13 by 7™ produces the following expression for the Lagrangian
multiplier, u,

p = i@ MT(I - M) + i’ Vi
= @"™M" (I — M) + B(V?i - it)
= (Mi)T(I — M) + B(V37i - i) (14)

Substituting this expression for p into equation 12 yields
(I —aa"yMT (I — Mit) + (I — ") 3V3i = 0
Letting K = (I — #iT) € R3*3 reduces the above expression to
K (M"(I'= Mi) + 5V*7) =0 (15)
To avoid the trivial solution to the above expression where
it = MT (I — Mit) + BV>3i

let the updated solution to the above expression be given by i, such that m = ¥ + «#7
where ¥/ is orthogonal to 7i. This leads to the expression

Km=K({@+ri)=Ki=1v
where k isascalar = \/1 — ||9/||2. Hence, by substitution, equation(15) can be written as
Km = 7 = KGV2i + KM” (I — M)

Using the above expressions for K, m and ¢/, the following sets of equations can be
used to iteratively update a globally optimal surface orientation map using color image
data in the presence of non-constant surface reflectance assuming the shape-from-color
matrix is known:

K® — 1-g0pm"
0 — KO (ﬁvQﬁ(t) + M7 (T - Mﬁ(t)))
AEHD = 50 450, /1 g0z, (16)

The iterative procedure is stopped when the change in the RMSerror, de is less than some
user specified criteria, ;.

Estimates of both the shape-from-color matrix, M, and surface orientation function,
i(x,y) are required to use the iterative update equations of (16). If the illumination
and reflectance conditions of the scene are not known, the single color method described
in section 2 can be used to recover esti mat?% O;g both parameters. When the single color
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estimates are employed, the variational scheme starts from a quadratically constrained so-
lution and proceeds to a solution which is both quadratically and smoothness constrained.
Theresidual error, ¢, will not be zero due to the fact that the mapping, M, is not actually
constant for a surface with varying reflectance. However, if the multiplier, 3, is chosen
such that

1w, 5) = MAD|2 << 6 (17012 + 1701 2)

at values away from the desired solution, the process will converge to the correct estimate
for the surface orientation map,

A" = B i (x,y) = ii(,y),

which is the closest smooth solution to the starting condition, 7. (z, y).
The complete variational approach to estimating shape from a single color image is
outlined below.

Variational Shape-From-Color Algorithm
Input Parameters

e RGB Color Image - I(z,y).

Continuity Constraint Coefficient - 3.
Minimal Error Coefficient - ¢,.

(Optional) Shape-from-Color Transform - M.

Process
1. If M(z,y) isnot specified:
e Construct the linear system 6 from the elliptical constraint equation 5,
Fz=1,

and solve for 7.
e Construct the matrix, I' = M~—TM—!, from the entries of .

e Compute an estimate of the inverse shape-from-color transform, M—! from
I" using Cholesky decomposition.

o Invert M~! to determine the shape-from-color matrix estimate, M.

2. Set theiteration counter, ¢ = 0.
3. Computetheinitial orientation estimate for each surface point,

i® = M (z,y).

4. Compute theinitia residua error,

. 2
e =3 1T, y) = MAD |2+ 5 (AN + [701) + (1701 - 1)

169
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Figure 2: Examples of simple shapes recovered using the variational shape-from-color
approach described in section 3.

5. Update the orientation estimate for each surface point using the expressions

p® = (MA)T(I = Ma®) + p(v?a® . 7®)
KO — 1_7®Ozm"
7 = KO (/N?ﬁ(t) +MY(T - Mﬁ(t)))

gD = 0 4 7M1 — |50 2.

6. Compute theresidua error

- 2
) = 3 1w, y) -MAC |24 (I7LDN + 1) e (]2 - 1)

z,Y

7. 1f de = (D) — (B < ¢, then exit, else increment the iteration counter, ¢ = ¢ + 1,
and return to step 5.

Output Data

e Surface Orientation Map - 7i(x, y) = 7i®).

4 Experimental Results

The ability of the variational agorithm to recover both qualitatively and quantitatively
accurate shape reconstructions under unknown illuminants and in the presence of non-
constant surface reflectance has been studied using both synthetic and real images. Fig-
ure 2 shows the surface shapes constructed 1b¥ 80plyi ng the variational shape-from-color



Figure 3: Examples of facial shapes recovered using the variational shape-from-color
algorithm described in section 3.

algorithm to both synthetic and real images of simple objects. Note the qualitatively high
quality of the recovered surfaces across the range from simple to complex color textures.
Examples of surfaces recovered by applying the iterative algorithm to images of human
faces are provided in figure 3. While the visual quality of the surfaces vary due to the
presence of unmodeled illumination artifacts, such as self-cast shadows and specular re-
gions, they are till easily linked to their generating image, even for the case shown in
figure 3(d) where the image was photographed from a television monitor.

Figure 4 presents results from two sets of experiments designed to quantify the ability
of the variational surface estimation technique. First, shapes were constructed using the
iterative method from images of spheres and cylinders, and quadratic functions were then
fit to these recovered shapes. The LMS error in pixel units between the best functional
representation and the actual surface points was then computed as a quantitative mea-
surement of the recovered surface accuracy. These tests were performed using both the
original images and those corrupted by salt and pepper noise with density o = 0.3. Note
the low average LMS error rates of 0.066 and 0.135 normalized units in the uncorrupted
sphere and cylinder tests, respectively; and the robustness of the variational approach to
the presence of random image noise.

5 Concluding Remarks

Previously reported shape estimation algorithmsthat employ color images assume smooth
surfaces with constant surface reflectance, limiting their applicability to images of most
real-world objects. Through explicit use of a continuity enforcement constraint, the vari-
ational approach to color-image-based shape estimation presented in this paper places no
restrictions on the visible surface texture. Thus, the new technique is able to recover the
shape of any Lambertian reflector given only a single color image.
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LMS Error - Spheres

Noise ImageA | ImageB | ImageC | ImageD | ImageE | ImageF | Average

oc=0.0| 0.055 0.086 0.079 0.054 0.067 0.058 0.066
c=03| 0.075 0.071 0.082 0.064 0.048 0.062 0.067

LMS Error - Cylinders

c=0.0] 0133 0.170 0.053 0.073 0.201 0.185 0.135
c=0.3] 0.166 0.179 0.065 0.072 0.219 0.190 0.148

Figure 4: Quantitative evaluation of the variational shape-from-color algorithm described
in section 3. The table shows the per-test and average LM S difference between the best-fit
conic and the computed shape for the images shown.

References

[1] K.E Torrance and E.M. Sparrow, “Theory for offspecular reflection from roughned
surface for ray reflection,” Journal of Optical Society of America A, vol. 65, no. 1,
pp. 531-536, 1967.

[2] K. Ikeuchi and B.K. Horn, “Numerical shape from shading and occluding bound-
aries” Artificial Intelligence, vol. 17, pp. 141-184, 1981.

[3] A.Pentland, “Linear shape from shading,” International Journal of Computer Vision,
val. 4, pp. 153-162, 1990.

[4] T. Kanade, “Recovery of the three-dimensiona shape of an object from a single
view,” Artificial Intelligence, vol. 17, pp. 409460, 1981.

[5] W. Zhao and R. Chellappa, “ Symmetric shape-from-shading using self-ratio image,”
International Journal of Computer Vision, vol. 45, no. 1, pp. 5575, October 2001.

[6] M. Drew and L. Kontsevich, “Closed-form attitude determination under spectrally
varying illumination,” |EEE International Conference on Computer Vision and Pat-
tern Recognition, pp. 985990, 1994.

[7] L. Kontsevich, A. Petrov, and . Vergelskaya, “Reconstuction of shape from shading
in color images,” Journal of Optical Society of America A, 1994.

[8] G.Goluband F Van Loan, Matrix Computations, The John Hopkins University Press,
2nd edition, 1989.

172



