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We show that using example-based photometric stereo is possible to achieve realistic reconstructions of
the human face. I he method can handle non-Lambertian reflectance and attached shadows after a

simple calibration step. We use spherical harmonics to model and de-noise the illumination functions

Keywords:

Photometric stereo
Shape-from-shading

3D surface reconstruction
Facial geometry capture
Image processing

from images of a reference object with known shape, and a fast grid technique to invert those functions
and recover the surface normal for each point of the target object. The depth coordinate is obtained by
weighted multi-scale integration of Athese normals, using an integration weight mask obtained
automatically from the images themselves. We have applied these techniques to improve the PHotoFace
system of Hansen et al. (2010) [10].

© 2013 Published by Elsevier B.V.

1. Introduction

Capture of the three-dimensional geometry of the human face is
a computer vision problem with many applications, including
facial recognition and mood detection, computer animation,
plastic surgery and automated sculpture. In particular, it has been
shown in recent years that the use of the 3D geometry of the face
improves the robustness of facial recognition methods under
variations in illumination, pose and perspective [1-4].

Several techniques have been used for 3D facial geometry
capture, including laser ranging [5], structured lighting [6],
geometric stereo [7] and shape-from-shading [8]. Shape-from-
shading (with a single illumination) is limited to objects with
uniform color and finish, and is too unreliable for practical facial
recognition. Currently the only methods that are being used in
commercial systems are laser ranging and geometric stereo, with
or without structured lighting. However these methods often
require the target to remain still during the scanning, and require
bulky and expensive specialized equipment. These factors
significantly limit their application.

Morphable models [9] have been proposed as a way to handle
variations in illumination, pose and perspective without full 3D
geometry capture. However, those methods are inherently limited
in their accuracy and robustness under perturbations, like glasses
or facial hair,\that are not previously included in the morphable

* Corresponding author. Tel.: +55 2191975833.

0166-3615/$ - see front matter © 2013 Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.compind.2013.04.003

model; and are unable to capture fine details of skin. They also have
a somewhat high computational cost, which clearly limits
application.

Variable lighting photometric stereo, here called simply photo-
metric stereo (PS), is the extension of shape-from-shading using
multiple images with a single viewpoint but different illumination
conditions. As a potential 3D facial capture method, its main
advantages are that it requires very simple and inexpensive
equipment, can be used in ordinary environments without
hampering the subject’'s motion or demanding his cooperation,
and can capture high-resolution 3D data in a fraction of a second
[10-12].Indeed, Broadbent et al. demonstrated a photometric stereo
system that captures 640 x 480 depth maps at video rates (15
frame;\—per—second) using a PC with a popular graphics card [13].

Photometric stereo does not obtain the depth information
directly; instead it measures the average normal of the surface
within each image pixel. The slope data is then integrated to
provide the relative depths of different parts of the object. These
integrated depths are somewhat less accurate than those obtained
with laser ranging and structured light, but are accurate enough for
facial recognition, considering the natural variation of human face
geometry over time. Indeed, the slope data can be used directly in
facial recognition algorithms [14,15].

Photometric stereo requires information on the finish of the
surface and on the illumination conditions of each input image.
Specifically, it needs for each image the shading function /ghat maps
a surface normal to the corresponding shading factor. It also needs
a weight map, a mask that identifies the image pixels where the

Industry (2013), http://dx.doi.org/10.1016/j.compind.2013.04.003
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brightness data is not reliable or relevant for some reason (e.g. for
being part of the background, for being affected by projected
shadows, or for straddling silhouette edges of the object). This
mask is essential for accurate integration of the slope maps [16].

Here we consider specifically example-based photometric stereo
(EBPS), a variant of the method where the shading functions are
obtained by analyzing images of an example object with known
geometry and the same finish as the scene, under the same
illumination conditions. The main contributions of this paper are
(1) the use of high-order spherical harmonics to model the shading
functions and remove noise from the example images; (2) an
unsupervised method to construct the weight mask of each image;
and (3) the use of these methods to improve the PHotoFAck real-
time face capture system of Hansen et al. [10].

2. Basic concepts and notation

The basic problem of photometric stereo is to determine the
orientation of the surface (that is, the surface normal) at every
visible point of an opaque object, given m > 3 digital images S, . . .,
Sm of it, all taken with the same pose and viewpoint but with
distinct illumination conditions. We assume that the images are
geometrically aligned and photometrically corrected, so that they
have a common domain SC R?, and that the samples Sq[p], ...,
Sm[p] at the same point p € S are the apparent radiances of same
point P[p] on the visible surface of the target object, under the
various lightings. The goal is then to determine surface’s normal
§]p] at that point.

For simplicity we assume that the images are monochromatic.
We also assume that the camera’s field of view is sufficiently
narrow and the light sources in each image are sufficiently far
away that the lighting and viewing direction can be assumed to be
uniform over the entire target object. The method can however be
extended to color images, non-uniform light fields, and conical
instead of parallel image projection.

In the simplest version of the photometric stereo problem, one
also assumes that the surface’s finish is known, isotropic and
uniform. More precisely, one assumes that the surface’s bidirec-
tional radiance distribution function (BRDF) o[p] at P[p] is the
product of a known isotropic and absorption-free BRDF S, the
surface finish, and an unknown factor §[p] € [0, 1], the albedo at that
point (also called the intrinsic color or light absorption coefficient). It
follows that the intensity S;[p] of each image pixel can be analyzed
as the product of the albedo 3] p] and a shading factor that depends
only on the image index i and on the surface’s normal 5]p] at that
point. Specifically,

Silp] =3[P Li(sTp]) (1)

Here, each L; is the shading function for image S;, that maps a unit
vector i € S? to the apparent radiance of a white surface with BRDF
B, oriented with normal /i under the lighting conditions of image S;.
The shading functions are related to the finish BRDF 8 by the
equation

L) = [, @,(@)p(i.i.7) di @)
where 7 is the viewing direction (from the point P[p] toward /the
camera), and @;(ii) is the intensity of the light flow in the direction
—1i (that s, the radiance of the “sky” in the direction i) prevailing in
image S;. If the illumination for image i was provided by a distant
point source in the direction i, the integral reduces to

Li(7i) = &; B(1i, i, V) (3)

where the factor @; quantifies the intensity of that light source.
Note that we are including the geometric factor max{i - i, 0} in the

finish BRDF 8, and we use these equations only when i - ¥ > 0. Note
also that, by the uniform lighting assumption, the shading function
L; does not depend on the position p, except through the normal
spl.

/:Fhis lighting model allows attached shadows, and is adequate
for scenes consisting of a single mostly convex object. On the other
hand, this model cannot account for projected shadows, radiosity
effects, or sources with uneven light distribution.

With these definitions, we can formally state the basic problem
of photometric stereo as follows: given the intensities So[p], ...,
Smlp] for a pixel p, find the normal vector #i[p] and the albedo $] p]
that satisfy Eq. (1) for all i. This problem generally can be solved if
the illuminations are sufficiently varied and the finish BRDF 8 is
dominated by wide-angle scattering: that is, more like the
Lambertian BRDF than that of a mirrored or glossy black surface.

2.1. Observation vectors

The observation vector of a pixel peS is the m-vector of its
radiances in all the images, that is,

S[p] = (S1[p, S2[P), - - -, Sm[ D)) (4)

We define the shading vector function as the list of all m shading
functions, that is, the function L from S? to R™ such that

L(1) = (L1 (1), Ly (70), ..., Lim (1)) (5)

The basic problem of photometric stereo can be stated more
succinctly as: given the vector S[p] of a pixel p, find the unit vector
il € S? such that the vector L(f) is practically collinear with S[p], that
is, the angle between them is nearly zero. (Needless to say, the
inevitable measurement errors in the radiances S;[p] will introduce
random perturbations in the observation vector S[p], so one cannot
expect exact collinearity.) Then we can infer that the surface normal
S[p] at p is 7, and that the albedo $[p] is the ratio ||S[p]||/|IL(7)||
between the m-dimensional Euclidean norms of the two vectors.

2.2. Observation signatures

We can remove the albedos from the problem by normalizing
the observation vectors and the shading vector function. Namely,
we define the observed signature s[p] of a pixel p as being its
observation vector normalized to unit length; and the shading
signature function I as the shading vector function normalized in
the same way. That is,

sl . L)
S =stp M =) ®

Note that s[p] is a vector on the sphere S™ !, and I is a function of
S? to S™!. Then the photometric stereo problem reduces to
computing the functional inverse of the shading signature
function; that is, find 3[p] e S? such that I(5[p]) is as close as
possible to s[p] in the norm/“ - || (which is a monotonic function of
the angle between the vectors).

2.3. The sufficient data hypothesis

The photometric stereo approach will fail if the shading
signature function is not invertible, that is, if there are two normal
directions 7', 7" with collinear shading vectors L(ii') = aL(ii") for
some scalar «. To avoid this problem, the illumination conditions
must be sufficiently varied to break any such ambiguities. In
particular, the light sources used in all images must not be all in the
same plane, and every visible point of the target object must be
illuminated on at least three of the images. We will assume that
these conditions are satisfied in what follows.
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On the other hand, example-based PS can in principle work
with non-Lambertian BRDFs and arbitrary lighting, as well as with
attached shadows and penumbras, since these effects do not
destroy the proportionality between the vectors S[p] and L(i). In
particular, there is no need to identify the images and pixels where
attached shadows occur. (Cast shadows and scene-scattered light,
however, are still a problem.)

3. Related work

Variable-lighting photometric stereo was first studied as a
computer vision problem by Woodham in the late 1980s [17]. In
his pioneer work, Woodham demonstrated that is possible to
recover the inclination of the surface using at least 3 non-coplanar
point-like light sources.

Shadows and glossy reflections: In the following years, Wood-
ham’s results were improved and extended in many ways.
Woodham originally assumed that the scene had Lambertian
finish, and considered only points that were fully illuminated by all
three sources with known directions. In that case the surface
normal vector can be computed from the three intensity values of
the pixel by a simple analytic formula. Barsky and Petrou [18] later
showed how to handle glossy highlights and shadows using only 4
images, provided that such anomalies affect the value of a pixel in
at most one of the four images. Yu et al. [19] then used linear
programming to extend this result for an arbitrary number of
lightings, allowing multiple anomalies in each pixel. Due their
simplicity and low processing cost, these methods are now
commonly used for real-time and fast capture applications [11,13].

Unknown lighting: In practice one often faces a more difficult
version of the problem where the lighting conditions of each image
are not known a priori and must be determined from the images
themselves. Hayakawa [20] addressed a limited version of this
problem, assuming that each image was illuminated by a distant
point source with unknown direction. He claimed that the normal
directions could be obtained through singular-value decomposi-
tion of the input data, viewed as matrix where each row is a pixel
and each column an input image. This solution was later improved
by Yuille et al. [21,22]. Basri et al. [23,24] further generalized the
solution using spherical harmonics to handle ambient and semi-
diffuse lighting. However, Hayakawa'’s approach is limited because
of inherent ambiguities in the problem, and rather sensitive to the
arrangement of light sources. The resulting normals are affected by
indeterminate factors that must be determined by other criteria
and explicitly corrected for.

Unknown surface finish: Aldrin et al. [25] and Goldman et al. [26]
considered the more difficult problem where the surface finish 8 is
unknown. They assumed that 8 of the surface was some unknown
linear combination of a finite library of “model” BRDFs (Lamber-
tian, glazed, etc.), with different coefficients in each pixel.
McGunnigle et al. [27] were able to recover good estimates of
surface of metallic objects under very strict lighting conditions.
Higo [28] does not attempt to model the BRDF, assuming only that
it is monotonic and isotropic and achieves good results in presence
of glossy highlights and shadows. These methods require dozens of
input images, and their high computational cost prevents their use
in real-time applications.

Example-based photometric stereo: In spite of the advances
described above, the problem of photometric stereo with an
unknown finish BRDF and/or unknown lighting remains fraught
with practical and computational difficulties. The example-based
approach to photometric stereo sidesteps these difficulties by
extracting the shading functions L; directly from m calibration
images Gy, ..., G, of a reference object with known shape and
albedo, taken from the same viewpoint and under the same
lightings as the images Sy, ..., Sp.

This approach was introduced by Woodham in 1989 [17] and
further explored recently by Herztmann and Seitz [29,30] and by
us [31] The inconvenience of having to place a reference object in
the scene is compensated by the fact that recovery of the surface
normals with very complex BRDFs and arbitrary lighting is
possible. Moreover, the shading functions L; are inherently
smoother (and therefore easier to model) than the finish BRDF
and the light flows &;. The example-based approach is also very
efficient and usually produces good results with only 6-12 images.

3.1. Slope integration

In the context of this paper, “3D geometry capture” means
determining for each pixel peS the height z[p] of the surface
visible in p, relative to some arbitrary reference plane perpendicu-
lar to the viewing direction 7. Photometric stereo does not yield
directly this information, but only the surface normal vector 5]p]
within that pixel. The normal can be trivially converted to the
height gradient or slope vector Vz]p), the vector of R? consisting of
the X and Y derivatives of the height map z. The gradient map Vz
then must be integrated to yield the height map z.

The integration of gradient maps obtained by photometric
stereo is not a trivial task. For one thing, the gradient data is not
continuous, but discretized, that is, available only in the center of
pixels, forming a regular orthogonal grid. Moreover, the gradient
data Vz[p] is contaminated by errors caused by camera noise,
violations of the photometric stereo assumptions (opaque surface,
uniform lighting, constant finish, etc.) and approximations in the
photometric stereo algorithm itself (such as the error due to the
use of a finite table to invert the shading signature function).

For some pixels, the magnitude of such perturbations may be so
high that the gradient value Vz[p] is practically unknown. That
happens, in particular, in background areas that are outside the
range of the light sources, or where the image is very dark, or where
the surface is covered by hair or other non-trivial 3D texture, or
where the pixel straddles a discontinuity in the height function, such
as a silhouette edge (the boundary of the projection of some
foreground object). One should note that the gradient data Vz| p] for
a pixel p is a non-linear function of the pixel radiances S;[p], ...,
Smlp]; and each S[p] is the average of the radiance of the surface over
some finite region corresponding to p, which in turn is a non-linear
function of the surface’s true gradient. Therefore, if the true surface
gradient varies considerably within the pixel, the gradient Vz[p)
computed by photometric stereo may be substantially incorrect.

These unavoidable errors in the photometric gradient Vz
require the use of specialized integration algorithms. A compara-
tive survey was presented by us in a previous article [16]. Some
integrators that are still widely used in this problem, such as path
integration [32] and Frankot-Chellapa’s Fourier-based method
[33] simply ignore those errors, and may produce very incorrect
height maps. See Figs. 1 and 2.

Weighted Poisson integrators: The only integrators that can cope
with missing and unreliable gradient data are the weighted
Poisson-based methods/{34,35,16,36]. Those methods require an
extra input, a weight map that specifies the reliability w[p] of each
gradient value Vz[p], as a number between 0 (“meaningless”) and
1 (“maximally reliable”). Those integrators set up a system of
linear equations that relate the given gradients Vz[p] to finite
differences of unknown heights z[p'] of adjacent pixels. The linear
system is then solved to obtain the heights.

Fast system solving: The linear system built by Poisson
integrators is sparse but very large: it has one unknown height
and one equation for each pixel with non-zero weight, and each
equation typically has five to nine non-zero coefficients. Solving it
by Gauss elimination requires super-linear space; solving it by
Gauss/\—Seidel iteration requires way too many iterations. We use a
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Fig. 1. A simple height map (left), its height gradient map with some noise added (middle) and the recovered height map (right) produced from the gradient by the FraileA—

legend, the reader is referred to the web version of this article.)

Q3 Hancock tree-path integrator [32]. (In the gradient map, the X and Y derivatives are combined into color values/() (For interpretation of the references to color in this figure

Fig. 2. A height map with discontinuities (left), its height gradient map (middle) as it would be computed by photometric stereo without any noise, and the recovered height
map (right) computed from the gradient by the Frankot-Chellapa Fourier-based integrator [33].

multi-scale iterative solver that we developed specifically for this
problem that uses a linear amount of memory and runs in linear
time for typical instances /{16].

3.2. Photometric stereo for 3D face capture

Due to its non-intrusive nature and lower cost, photometric
stereo has received considerable attention in recent years as a
method for the capture of facial geometry that may be optimal for
certain applications. Its viability was demonstrated by Yuille et al.
[22], using their proposed SVD method for face images captured
under light sources with unknown direction. However, their
method demanded a large number of images to overcome errors
introduced by deviations of the Lambertian reflection model.
Georghiades et al. [37] managed to improve this result for human
faces using only 7 distinct light sources, by discarding values that
were under or over a predetermined threshold. Lee et al. [38]
extended his approach, using 3 known light sources and an
arbitrary number of images with unknown lighting.

The PHotoFAce system built by Hansen Lt al. [10] demonstrated
the use of photometric stereo for nearly instantaneous face capture
of people in motion. This system is described in more detail in
Section 4. It uses four point-like light sources, and computes the
normals by a simple analytic method that assumes a Lambertian
surface finish. The normals are used as input for face recognition
algorithms.

A major difficulty in this application is that skin has a
complicated non-Lambertian finish, due to its structure of multiple
translucent layers.

Real-time face capture: The capture of facial 3D geometry in real
time, possibly at video frame rates, has received significant
attention in the last few years. For greater speed, some of these
systems use multi-spectral method, namely color cameras and
colored lights, to capture three or more images S; at the same time.
This technique too was pioneered by Woodham, in 1994 [39].

Using a modified version of Hayakawa’s SVD method, Schindler
[40] achieves real-time capture using a color monitor as a multi-
spectral the light source. The captured geometry is not very
accurate, being intended to be used in face modeling and video-
chats. Vogiatzis et al. [12] uses a combination of shape-from-
motion and multi-spectral photometric stereo, allowing for glossy
reflections using a modified Phong model. Fyffe et al. [41] uses a

customized 6-channel camera to recover albedo and surface
inclination with a single picture.

4. The PHotoFAce system

Our work builds on the PHotoFAaceE project, a hardware and
software system developed in 2010 by Hansen, Atkinson, and
others at the Machine Vision Laboratory (MVL) of the University of
the West of England (UWE) [10]. PHotoFace was designed for
automatic, near-instantaneous, non-intrusive 3D face capture of
people walking through an instrumented booth. Its demonstration
prototype consisted of a aluminum frame structure with a high-
speed photographic camera and four near-infrared light sources.
The system was triggered by an ultrasound sensor as the Person
was about 2 m away from the camera and walking toward At The
camera snapped four photos of the person in quick succession,
while each light was flashed in turn, and then one more with all
lights turned off to record the ambient light. See Fig. 3.

4.1. Specifications

All PHotoFace devices are controlled by a standard PC. The light
sources and the ultrasound trigger are connected to the computer

Fig. 3. The PHotoFace prototype built at UWE MVL.
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via an NI PCI-7811 DIO card. An NI PCle-1426 frame grabber is also
connected to the DIO card via a RTSI bus for triggering purposes,
and to the camera via a Camera Link® interface. The latter is used to
send the triggering signal to the camera and to store the frame data
in the computer. The camera is also directly connected to the DIO
card. All interfacing code is written in NI LabVIEW and coordinates
all the image capture sequence.

Light sources: Each of the four near-infrared light sources is a
VISO80IR 7-LED cluster, which emits light at ~850 nm. The four
lights are arranged in a irregular rectangular shape pointing toward
the general area where the person will walk through. This
disposition ensures that the light source directions Awould not be
co-planar, in order to obtain good quality images for each
illumination triplet.

Camera: The camera is a Basler 504Akc model with a 55 mm, {5.6
Sigma lens positioned in the center of the rectangle formed by the
light sources. It is able to capture an 1280 x 1024 8-bit RGB image
in less than 5 ms.

Trigger: The system'’s trigger is an ultrasound sensor, a highly
directional Baumer proximity switch that is activated when its
beam is broken within a distance of 70 cm.

4.2. Image capture

To ensure the alignment of the images (required by photomet-
ric stereo methods), the capture should be performed in a very
small time interval. It was verified experimentally that is necessary
at least a frame rate of 150 frames-per-second and a accurate
synchronization of light sources.

The frame grabbing process is started when a person crosses the
beam of the ultrasound sensor. Upon receipt of the sensor’s signal,
the DIO tells the camera to start the frame integration process.
Once the camera confirms that the integration has started, the DIO
card flashes one of the lamps, and waits for the camera to signal the
end of frame capture. The DIO card repeats this sequence for the
other three lights, and then once more with all lights turned off.

The entire capture process takes about 50 ms, which seems to be
instantly to a human observer.

4.3. Image processing

The “dark” image is subtracted from the four illuminated
images to remove the contribution of ambient lighting. Since the
subjects may vary substantially in height, the camera is set up to
capture an area many times larger than the person’s face. The
images are therefore cropped to the face’s approximate bounding
box (typically ~400 x ~500 pixels), which is determined by the
algorithm of Lienhart and Maydt [42]. See Fig. 4.

As described by Hansen et al., the PHotoFacE software used an
analytic method to compute the surface normal at each pixel. The
method assumed a Lambertian surface finish and a single distant
point-like light source in each image. First, their algorithm
computed a tentative normal §'[p] by assuming that the pixel
was illuminated by all four sources. Under this assumption the
shading AEqs. (1)-(3) reduce to an overdetermined system of 4
equations on 3 unknowns, that was solved with the least squares
criterion.

As a check for the presence of shadows, they then computed a
second normal §'[p] by the same method but excluding the
image S; with smallest Sj[p]. If §'[p] made an obtuse angle
with the direction of the excluded light source, they assumed
that the point was in that light's shadow and set §]p] to 5"[p],
otherwise they set 5]p] to 5[ p]. Height maps were then computed
from the normals using the Franl(otA—Chellapa integrator [33].
See Fig. 5.

Calibration: The analytic method used required the direction of
each light source relative to the person’s face. Since the light
sources were not permanently fixed to the frame, a calibration step
was performed once after assembly to obtain that information. For
that purpose, a capture sequence was performed with a reflective
sphere in place of the person’s face. The direction of each light
source was then determined by the location of its reflection (a

Fig. 4. Four images captured by PHotoFAct after subtraction of ambient lighting and trimming by the face detection algorithm.

L

Fig. 5. Normal and height map computed from the images of Fig. 4 by the PxotoFace processing pipeline.
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bright spot) on the sphere. The four light sources were assumed to
have the same intensity.

4.4. Our improvements

The analytic method used in the first version of PHotoFAcE was
very fast, but since it assumed a Lambertian finish for the skin it
yielded rather inaccurate normals wherever the image was
affected by glossy reflections. The method also failed usually in
those regions (mainly under the chin and nose) which were
illuminated by only two of the four lights.

The Frankot-Chellapa integrator too was chosen for its speed: it
took only a few seconds to process each normal map. However, since
it uses the Fast Fourier Transform algorithm, it necessarily gives
equal weight to all pixels. Therefore, the integrated face geometry
was often distorted by the spurious gradient values in the
background and shadowed areas. These distortions prevented the
use of the height maps for face recognition; the slope maps were
used instead [10].

In the remainder of this article we describe an improved image
processing system we developed for the PHotoFace hardware.
Namely, we replaced the Aanalytic normal computation algorithm
by the example-based method, which can in principle handle the
semi-glossy finish of human skin. For this purpose we developed a
reliable method to extract the shading function from the images of
the example object that removes most of the noise present in those
images. This method is described in Section 5.

We also replaced the FrankoR—Chellapa integrator by our multi-
scale weighted Poisson integrator, described in a previous article
[16]. Since the PHoToFAcE system is meant to operate automatically,
we developed an algorithm to automatically extract the weight
mask from the captured images. This algorithm is described in
Section 6.

The new software takes about 3 s to obtain the normal map
from the acquired photos, and another 3 S to compute the height
map, on PHotoFace’s PC. These times are less than 50% higher than
those of the original PHotoFace software.

5. The EBPS algorithm
5.1. Table-based normal determination

In order to invert the shading signature function I, we obtain a
sufficiently dense set T of sample pairs t; = (i, &) € $* x S™!
with k=1, 2 ..., N, where t, = I(ii;). Then for each pixel p in the
target object we locate in this table the entry (i, t;) for which the
distance/“t,.fs[p]H is minimum, and return the corresponding
normal 71, as the presumed normal 5[p] of the object’s surface in
that point.

This approach is very similar to that used by Woodham in 1994
[39]; except that we use normalized signatures s, I instead of the
unnormalized observation vectors. This approach is extremely
flexible, since it can work with any light sources, concentrated or
diffuse, and any constant isotropic finish §, as long as the lighting

functions L; are fairly smooth and the signature function [ is
invertible. Note that it does not require modeling the BRDF $ or the
light distributions @; explicitly.

5.2. Fast table look-up

The accuracy of the result 7, returned by table look-up method
depends only on the density of the sample normals i, in T and the
amount of noise present in the given images. As for the former,
even if the normals in T are uniformly distributed over the
hemisphere H?, the angular error between i, and the true inverse
I=Y(s[p]) will be about 1.5/+/N radians. Thus, for example, in order
to keep that part of the error below 1°, the table must have at least
8000 entries. For this reason, the table look-up step dominates the
computational cost of photometric stereo.

Computing the distance/“t,< — s[p]|| has cost proportional to m,
therefore a simple linear search of the table would have cost
proportional to Nm. Woodham’s method to speed up the look-up
was to quantize the observed radiances S;[p] as b-bit integers, and
use them as indices into and m-dimensional array where the
normals 7i, were previously stored. This method reduced the look-up
cost to O(m); however, since the table required 2™ entries, it
severely limited the number of images m and the accuracy of the
result. Other data structures for fast m-dimensional nearest
neighbor searching have been proposed in the following years,
such as k-dimensional tree search, Approximate nearest neighbors
[29], or Locality Sensitive Hashing [43]. However, while these
methods have O(log N) asymptotic look-up cost, they are not
effective in this problem because of the so-called curse of
dimensionality [44]: namely, the data becomes so sparse in high
dimensional spaces that the methods only begin to work for very
large tables, much larger than the tables needed for photometric
stereo.

Therefore, we use instead a two-dimensional hashing method
that we developed specifically for photometric stereo [45]. Our
method exploits the fact that the set of all signatures I(ii) for i € H?
is a two-dimensional surface patch in the positive orthant of R™. It
uses a two-dimensional hashing array to reduce the search to a
small number (constant, on the average) of table entries. Thus uses
O(N) space, and provides approximately O(m) average look-up cost,
independently of the table size N.

5.3. The reference objects

The reference object must be chosen so that its normals g[q] are
accurately known and provide a dense and complete coverage of
H2. Spherical or hemispherical reference objects with uniform
albedo are most convenient, since they are easily obtained with
highly accurate geometry, are completely described by a single
geometric parameter (the radius), and allow g[q] to be computed
directly from the coordinates of pixel g by simple algebraic
formulas.

Since the example-based approach does not require explicit
knowledge of the light source directions, we replaced the reflective

Fig. 6. Images of the example object captured by PHotoFace with near-infrared lighting, after ambient subtraction and cropping.

Please cite this article in press as: R.F.V. Saracchini, et al., Robust 3D /(ace capture using example-based photometric stereo, Comput.
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sphere used in the original PHotoFace calibration run by the
reference object, a sphere coated with semi-glossy white paint. See
Fig. /\6‘

Although no effort was made to match the BRDF of this
reference object to the BRDF of the human skin, the mere inclusion
of a semi-glossy term improved considerably the accuracy
of the computed normal maps; especially in the forehead and
nose, where the glossy reflections were most conspicuous. See
Section 7.

5.4. Using the example object images

Let Gy, ..., G, be the images of the reference object. Applying
Eq. (1) to each pixel g in these images that falls on the reference
object, we get

> Gilg]

L; == 7
i(&la]) &l (7)
where g[q] and £[q] are the (known) surface normal and the albedo
of the reference object at pixel g. Thus, for each pixel g on each
image G; of the reference object one obtains a sample value of the
shading function L; for a direction g[q]. Therefore, every such pixel q
provides a sample value of the shading signature function:

= _ Glq]
1€l9) = 1eqr (8)
where
G[q] = (G1(q], G2[q), - - -, Gm[q]) 9)

These samples of I are limited to the visible part of the object, and
therefore to the directions i € S? that make an acute angle with the
viewing direction ¥. We will denote by H? that subset of S2.

5.5. Acquiring the shading functions

The signature table T could be built directly from the images of
the reference object, namely 7, = g[q] and t; = g[q] for each pixel q
on the reference object. However these raw sample signatures are
usually too few to yield the desired precision, and are often
contaminated by imaging noise and by small geometrical defects
(such as scratches and bumps) on the example object itself. Even if
hardly perceptible on the images, these perturbations lead to large
errors in the signature g[q] or in the normals g[g], thus introducing
spurious data on the table. See Fig. 7.

In order to attenuate such errors and obtain a signature table
that is dense enough, we fit a mathematical model L; of each
shading function L; to the raw data pairs (g[q], Gi[q]/g[q]). We then
re-sample these mathematical models at a dense set of directions
in H? to obtain the table T.

5.6. Shading function model

We now describe how to obtain the approximations L;. Since
this step is carried out separately for each image, we will drop the
index i from L; L; and G; in this section.

We use a linear approximation model with weighted least
squares criterion. Specifically, we choose a set of basis functions
&1, 0,...¢, - S* = R, and look for an approximation L of L of the form

|
L) = S b, () (10)
r=1

for each iie S?, where a5, ..., o are real coefficients chosen to
minimize the weighted quadratic error Q(L), namely

- Gl o\
Q(L) = —— — L
(D) ;(g[q] (g[q]))

(11)

The sum here is taken over all pixels g that are completely inside the
outline of the reference object. The albedo g[q] must be given, and
the coefficient vector o can be found by solving the linear system

Ma =b (12)

where M is a [ x | matrix and b is a column vector of [ elements
given by

My = > ¢i(&la)o;(Ela)
q

> :(gla)Glal/Ela) (13)
q

b =

The basis we have chosen for this application consists of the
monomials ¢; (i) = x"y*z* for all natural numbers r, s, t whose sum
is either d or d — 1, where d is a chosen positive integer, in some
arbitrary order. Here x, y, z are the Cartesian coordinates of the
normal vector 7i. These monomials generate precisely the space of
all spherical harmonic functions of maximum degree d [46], but
they are much easier to compute than the standard spherical
harmonic basis functions Y,s [47]. The latter are usually preferred
because they are orthogonal when integrated over the whole
sphere. However, the inner product implicitly used in the quadratic
error formula (11) is a discrete sums over an irregular set of
normals Z[q] € H2. The harmonic basis functions Y,s are not
orthogonal in this inner product, and therefore have no clear
advantage over the monomials.

5.7. Virtual reference objects

For checking purposes, the fitted shading functions [; an be used
to produce synthetic images G; of a “virtual” reference object,

Fig. 7. An image G; of a reference object and a plot of its shading function L;(fi) for 7i € H? hemisphere. Note the substantial amount of noise in the latterthat is not visible in the

former.

Industry (2013), http://dx.doi.org/10.1016/j.compind.2013.04.003
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Fig. 8. Synthetic image of a virtual reference object (left) using a smoothed shading function L; (right) fitted to the data of the real reference object image of Fig. 7.

where each pixel G;[q] is painted with the color L;(g[q]) expected
from its assumed normal g[q]. These new synthetic images can be
directly compared to the raw images GJ[i] of the reference object.
See Fig. 8

6. Obtaining the weight map

We now consider the problem of obtaining the gradient
reliability weight map that is required by the robust integrators.
There are several published methods that try to derive the weights
from the gradient map itself, by using the fact that the gradient of a
function must be a curl-free vector field. Namely, the Y-derivative
of the X-slope must be equal to the X-derivative of the Y-slope; the
difference between the two being the curl of the field. If the curl is
not zero, the gradient map cannot be integrated. Those methods
generally mark as unreliable those pixels where the curl is not zero,
or where the gradient of the integrated map does not match the
given gradient [34,35].

However, the zero-curl condition is only necessary, but not
sufficient, for the gradient to be correct. In Fig. 2, the curl is non-
zero along the sides of the ramp, but is zero everywhere else. As
that example shows, the discontinuities cannot be detected from
the gradient map alone. In general, the weight map must be
determined by problem-specific methods, for example edge
detection by projected shadows [48].

6.1. A masking algorithm for PHoTOFACE

We have developed an algorithm for automatic extraction of the
reliability weight mask from the PHotoFace image sets. The method
aims to exclude the areas of the scene where photometric stereo
cannot be applied, such as the distant background, hair, eye pupils,
and areas which are illuminated by only two of the four sources
(right below the nose and chin, and on the temples). The method
also uses specific heuristics to exclude clothing and other
disconnected bits of surface, such as parts of the ear.

Fig. 9. Construction of the weight mask for a captured image set. Top left: the initial weights w[p] computed from the signature match quality ||s[p] — t;|| and from the
computed albedo $]p]. Top center: the pixels that pass the slope test 5[p]-U > ¢;. Top right: the weight mask after removing pixels withAweight below &,. Bottom left: after
morphological opening. Bottom center: after removing the disconnected parts. Bottom right: after morphological closing.
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4
-

facel

faced

faceb face7

Fig. 10. Top row: image Sp from each of the four test datasets captured with PHotoFace, with near-infrared lighting, after ambient light subtraction. Bottom row: the

corresponding weight masks for integration.

There are several published algorithms for the detection of
human skin in photographs. [49,50]. However, those algorithms
generally rely on color information which is not available in the
near-infrared monochromatic images captured by PHoToFAck.
Instead, we use four main criteria: the self-consistency of the
photometric stereo computation, the estimated albedo of the
surface, the angle between the computed normal and the viewing
direction, spatial coherence, and continuity.

Specifically, we first set the weigh w[p] by the formula

wp] = [IS[p]|lPe~ /¢ (14)

where

d — Istpl = tAllIS[p]ll

pe (15)

Original
PHOTOFACE

New
PHOTOFACE

and t, is the signature from the table T that best matches the pixel’s
signature s[p]. The first factor eliminates in formula (14) dark areas
where the signature s[p] is too contaminated by noise. The second
factor penalizes pixels where the observed signature s[p] deviates
from the expected signature for the recovered normal, and is
therefore likely to be contaminated by noise, cast shadows, or
other un-modeled effects.

Next, we set w[p] to zero if the Z component S]p]-U of the
computed normal 5] p] is less than a fixed threshold &; (currently set
to 0.03). This step eliminates parts where the surface seems to be
nearly perpendicular to the viewing direction, and therefore cannot
be simultaneously illuminated by three light sources. Then the
weight w[p] is set to zero if it is less than another threshold &,
(currently set to 0.2), in order to completely remove from the
computation those pixels whose height is expected to be too
unreliable to use.

Scanned
3DMD

- A > 12 " 'm‘ Ll
- haanaan o
N
AR 40 i W\
&N 7 N

Fig. 11. Height maps computed for the test dataset face0. The height maps were rendered as 3D surfaces with arbitrary illumination, from three viewpoints: oblique (top

row), profile (middle row), and from below (bottom row).

Industry (2013), http://dx.doi.org/10.1016/j.compind.2013.04.003

Please cite this article in press as: R.F.V. Saracchini, et al., Robust 3D

Aface capture using example-based photometric stereo, Comput.

643
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663


Original text:
Inserted Text
Face Capture using Example-Based Photometric StereoRafael F.VSaracchinia⁎saracchini@gmail.comJorgeStolfiaHelena

http://dx.doi.org/10.1016/j.compind.2013.04.003

664
665
666
667
668
669
670
671
672
673
674

675

676
677

G Model
COMIND 2453 1-12

>

10 R.E.V. Saracchini et al./ Computers in Industry xxx (2013) xxX—Xxx
Original New Scanned
PHOTOFACE PHOTOFACE 3DMD
~ 5
£y

fa

J
N

7

Fig. 12. Height maps computed for the test dataset face4.

Next, we apply a gray-scale morphological opening operation (an
erosion followed by a dilatation) with a 5 x 5 circular kernel, to
remove small isolated pixel clumps and break any narrow “bridges”,
as well as removing pixels near problematic areas such as nostrils
and eyes. Then we identify the connected components of the image
(separated by areas of zero weight), and discard all but the most
central one (which is assumed to be the face, considering how the
image was cropped). Finally, we apply a gray-scale morphological
closing operation (a dilation followed by an erosion) with a 6 x 6
circular kernel, meant to preserve the “holes” in the mask at the eye
pupils, but close other small holes and gaps. See Fig. 9.

7. Tests

To illustrate the changes, we show below the height maps
obtained with the old and new PHotoFace algorithms, on the

same four datasets labeled face0,face4,face6,face7. See
Fig. 10.

The normals were computed from these datasets with the old
ProtoFace analytic algorithm and with our new EBPS algorithm. For
the latter, shading functions were fitted to the four images of the
reference object (Fig. 6) using the monomial basis with maximum
degree 6. These fitted functions were then re-sampled at
approximately 10,000 evenly distributed normal directions in
H? to form the signature table T.

Both normal maps, old and new, were then integrated with our
multi-scale Poisson-based integrator. The resulting height maps are
shown in Figs. 11-14. For comparison, we also show the facial
geometries of those same four people, captured in separate
occasions by the 3DMD face scanner [6] and cropped to about the
same part of the face. (Unfortunately, numerical comparison with
the latter is not viable due to differences in facial expression and
perspective distortion.)

N

Original New Scanned
PHOTOFACE PHOTOFACE 3DMD
- N ,ﬁ} v

%

AA

N

Fig. 13. Height maps computed for the test dataset faceé6.
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Fig. 14. Height maps computed for the test dataset face7.

8. Conclusions

We showed how example-based photometric stereo is a viable
alternative for the capture the 3D surface geometry of human
faces, with unique advantages including low cost, high speed, non-
intrusiveness, flexibility, high resolution, large working distance,
and indifference to albedo and ambient lighting. We also pointed
out the inadequacy of the popular FrankotA—Chellapa Fourier-based
gradient map integrator compared to Poisson-based integrators.
We described an algorithm for automatic/generation of the weight
mask needed by those integrators.

In particular, we showed that Athe accuracy and robustness of
PHoToFAck, a state-of-the art photometric face capture system, are
significantly improved, with little extra computation cost, when
the of popular analytic algorithms for normal computation are
replaced by EBPS, and the Frankot-Chellapa integrator is replaced
by our multi-scale integrator et al. [16]. Even though no effort was
made to reproduce the BRDF of the human skin in the reference
object, the mere inclusion of a glossy term (which cannot be
handled by analytic methods) was enough to remove most of the
distortions created by glossy reflections when using the old
algorithms.

Even with our improvements, the height maps obtained with
current version PHoToFAcE have noticeable problems, especially in
the region of nostrils and under the chin. These defects are not due
to algorithm limitations but rather to insufficient illumination in
those areas. The addition of two more light sources to the
prototype would suffice to ensure the basic requirement of
photometric stereo, namely that every point of the farget surface
be illuminated by at least three light sources.
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