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(57) Abstract: This invention is generally con-
cerned with image processing methods, apparatus
and computer program code, and more particu-
larly with characterising a set of images in order
to determine their respective illumination, for ex-
ample for recovering a three- dimensional shape
of an illuminated object. A method of determin-
ing data characterising a set of images of an ob-
ject, the method comprising: inputting data from
a first set of images of said object captured from a
plurality of different positions; determining fron-
tier point data from said data for said first set of
images and data defining said image capture posi-
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rection and illumination intensity for the image.

face of the object at the frontier point; inputting
data from a second set of captured images of said
object, said second set of images having substan-
tially the same viewpoint and different illumina-
tion conditions; and determining data character-
ising said second set of images using said data for
said second set of images and said frontier point
data, said image set characterising data compris-
ing object reflectance parameter data (§) and, for
each image of said second set, illumination data
(L) comprising data defining an illumination di-
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Image Processing Methods and Apparatus

This invention is generally concerned with image processing methods, apparatus and
computer program code, and more particularly with characterising a set of images in
order to determine their respective illumination, for example for recovering a three-

dimensional shape of an illuminated object.

The problem of reconstructing an object of arbitrary three-dimensional shape from a
plurality of images is a difficult one, particularly when an object is non-Lambertian or
“shiny”. The task of determining object geometry when the illumination conditions and
object reflectance are known is generally termed photometric stereo. A Lambertian
object reflects equally in all directions; a non-Lambertian object does not meet this
condition and this category includes shiny objects with significant highlights. We will

describe techniques which work for both Lambertian and non-Lambertian objects.

One known technique for computing the geometry of a non-Lambertian object is
described in Aaron Hertzmann, Steven M. Seitz., “Shape and Materials by Example: A
Photometric Stereo Approach”, CVPR, vol 01, p 533, 2003 2003. This technique uses
an example object which is included in the imaged scene together with the object whose
shape is to be determined. The example object has a known shape (for example a
sphere) and the same surface reflectance; in the paper a sphere and a bottle are painted
with the same material and lit in the same way. This allows the direction of a normal at
a point on the surface of the bottle to be determined by matching the reflectance of the
point with a corresponding point on the sphere. However the need to provide an
example object with the same reflectance as the unknown object makes this method

impractical in many situations.

Another technique, which does not require an example object, is described in
“Recovering 3-D shape and reflectance from a small number of photographs”, ACM

International Conference Proceeding Series; Vol 44, Proceedings of the 14
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Eurographics workshop on Rendering, Leuven, Belgium, Athinodoros S. Georghiades,
p 230 to 240, 2003. However this technique relies on the existence of highlights on an
object surface (i.e., the object has to be very shiny), these highlights providing
information about the light direction. When applied to an object without such
highlights the method suffers from bass-relief ambiguity, that is the reconstructed

objects tend to appear flatter than they really are.

Further background prior art can be found in WO 02/41249; US6,590,669; EPO 358
628A; EP0 649 709A; US6,590,521; EPO 810 496A; Ravi Ramamoorthi, Pat Hanrahan,
“A signal-processing framework for inverse rendering”, SIGGRAPH *01, p 117-128,
ACM Press, 2001; the website article —
http://www.eng.cam.ac.uk/news/stories/2005/digital pygmalion/, (1 Aug 2005)

describing Carlos Hernandez-Esteban’s work on silhouette-based reconstruction, plus
texture mapping; Wong & Cippolla —
http://ieeexplore.ieee.org/iel5/83/28581/01278361.pdf which describes a complete and

practical system for producing a 3D model from uncalibrated images of an arbitrary
object using its profiles alone, and which mentions the use of Frontier Points; Sato,
J.Cipolla, R. Uncalibrated reconstruction of curved surfaces, Proceedings, 8" British
Machine Vision Conference, Colchester (September 1997); Edited by A.F. Clark, 2,
689-698 (BMVA, 1997); and Kutulakos’ work on “Space Carving”, for example K.
Kutulakos, S.Seitz, “A Theory of Shape by Space Carving”, Int’l J. Computer Vision,
vol 38, ni 3, 2000, p 199-218.

According to the present invention there is therefore provided a method of determining
data characterising a set of images of an object, the method comprising: inputting data
from a first set of images of said object captured from a plurality of different positions;
determining frontier point data from said data for said first set of images and data
defining said image capture positions, said frontier point data defining a plurality of
frontier points on said object, and for each said frontier point, a direction of a normal to
the surface of the object at the frontier point; inputting data from a second set of
captured images of said object, said second set of images having substantially the same
viewpoint and different illumination conditions; and determining data characterising

said second set of images using said data for said second set of images and said frontier
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point data, said image set characterising data comprising object reflectance parameter
data (B) and, for each image of said second set, illumination data (L) comprising data

defining an illumination direction and illumination intensity for the image.

In preferred embodiments the image set characterising data is then used to determine
geometry data defining a geometry of the object surface, although this data may, in

other embodiments of the methods be employed for other purposes.

The object reflectance parameter data preferably comprises a plurality of parameters, for
example between one and 10 parameters defining overall reflectance parameters for the
object. The parameters of a standard model such as the Ward model (G. Ward,
“Measuring and Modelling an Isotropic Reflection”, in SIGGRAPH, pages 265-272,
1999) or the Torrance and Sparrow model (K.E. Torrance and E.M Sparrow, “Theory
for Off-Specular Reflection from Roughened Surfaces”, J.Opt. Soc. Am, 57; 1105-1114,
1967) may be employed. For example in one embodiment three parameters are
employed, a shininess or surface roughness parameter (o), a diffuse reflectance co-
efficient (p,), and a specular reflectance co-efficient (p;), these three numbers applying
to the whole object and characterising the object. The illumination data typically
comprises three parameters, two defining a direction (for example altitude and azimuth),
the third defining an illumination level for intensity. In embodiments of the method a
source of illumination is assumed to be substantially at infinity. With this information a
best-fit object shape can be determined from the image data for the second set of
images, for example by determining a shape which minimizes a cost function dependent
upon a difference between actual and predicted intensities at some known points on the
object, in particular at the frontier points. The number of images in the second set
depends partly upon the reflectance model employed — for example the Lambertian
object in principle three images (corresponding to three directions) is sufficient to
resolve the unknown parameters but in practice four are desirable for noise-reduction.
For a non-Lambertian object more images are needed, for example around 10 images.

Generally the number of images in the second set is between five and 50.

The number of frontier points determined is typically between 50 and 500, preferably

around 80 to 100. Broadly speaking, a frontier point comprises a point in three-
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dimensions on the surface of the object where the plane defined by the point and the
centres of two cameras viewing the point is tangent to the object. Details of frontier
points, and of the related epipolar geometry can be found in R.Cipolla, P.J. Giblin,
Visual Motion of Curves and Surfaces, Cambridge University Press, 1999; P. Giblin,
F.Pollick, and J.Ryecroft, Recovery of an unknown axis of rotation from the profiles of
a rotating surface, J.Opt.Soc. Am, 11A:1976-1984, 1994; and D. Marr, Analysis of
occluding contour. in Proc.Royal Soc. London , volume 197, page 441475, 1977; all of

which are hereby incorporated by reference in their entirety.

A preferred method of determining the frontier point data uses pairs of images, first and
second images of each pair being captured by respective first and second cameras. To
increase the numbers of pairs of images each image captured by the first camera may be
paired with multiple images captured (in different positions) by the second camera, and
so forth. These captured images are preferably then silhouetted in preparation to
determining the frontier points. The determining of a frontier point preferably
comprises moving an imaginary epipolar plane to touch the object, as determined by
epipolar lines in respective first and second image planes of the first and second
cameras both touching their respective silhouettes (in the camera image planes).
Labelling the camera centres C; and C, an epipolar plane contains the line joining C,
and C,, this defining an epipolar line in the image plane of each camera. Moving the
epipolar plane moves the epipolar lines in each image plane, and the plane is moved
until these lines touch their respective silhouette in their two image planes, at which
points the (imaginary) epipolar plane touches the object at a tangent, the normal to this
plane then defining a normal to the object at the point where the plane touches the
object. In this way a frontier point comprising a point in a three-dimensional space and

a direction defining a normal to the object surface at the point may be determined.

The first set of images may be determined under almost any type of lighting conditions
including, for example, flash photography. Given a set of camera positions in broadly
the same position (albeit the exact position varying for each pair of images) a set of
frontier points may be generally defined so as to be on one side of the object. A camera
for capturing the second set of images can then be positioned looking generally towards

this side of the object, and in this way each of the second set of images can include
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multiple frontier points (although in other embodiments of the method other techniques
may be employed). Relatively low resolution cameras may be employed for
determining the frontier point data but preferably a higher resolution camera is used for
capturing the second set of images. The change in illumination amongst the second set
of images may be achieved manually, for example simply by waving around a light

source as the images are collected, or semi-or fully automatically.

Broadly speaking, the frontier points provide a sparse representation of the (convex part
of) the shape of an object. This information may be employed to make tractable the
problem of determining a best-fit object surface (in three dimensions) given a set of
two-dimensional images obtained under varying illumination conditions. In practice, as
discussed later, a normal or needle map (“hedgehog”-type representation) of the 3D
object surface is first determined and then “integrated” (by any of a range of standard

techniques) to recover the 3D surface.

In preferred embodiments of the method the determining of image set characterising
data comprises determining projected positions of the frontier points (defined by the
frontier point data) into each image of the second set of images (to identify the location
of these points in each image of the second set), then determining image intensity data
at each of these projected positions (the image intensity data may be defined, for
example, by pixel level, amplitude or colour data), then determining the image set
characterising data responsive to these projected positions and the image intensity data
at the projected positions. More particularly this may be done by postulating image set
characterising data comprising postulated object reflectance parameter data and
postulated illuminated data (i.e., postulating an object reflectance and illumination),
then determining predicted image data from the postulated data, at least at the frontier
point positions, and then minimising any discrepancy between the predicted and actual
(second set) image data. The discrepancy may be defined by a cost function comprising
a summed discrepancy for at least the frontier points. In other words, broadly speaking,
the illumination and object reflectance is postulated and adjusted to get the best-fit at the

frontier points.
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Having determined the object reflectance and illumination the frontier point information
can be discarded as the determination of the object shape can now be performed in a
substantially conventional manner by fitting the shape to the actual image given the
object reflectance and illumination data. In practice, however, because the frontier
points represent known points on the object surface (at least to some degree of
accuracy) these may be used to initialise a search for a best-fit object surface in three

dimensions.

The determining of the geometry data for the objects’ surface is preferably performed
by a photometric stereo geometry determining procedure. Each pixel of an image set
may be treated substantially independently, and thus the determination of geometry data
may be performed on a pixel-by-pixel basis (either in serial, or in parallel, or in some
combination of the two). In other words since, say, the first pixel of each image of the
second set of images corresponds to substantially the same spatial location (the second
set of images being captured from substantially the same viewpoint) the geometry
determining procedure may perform a best-fit of a surface normal of the object to a set
of pixel values, one from each image of the second set, given the previously determined
image set characterising data. Preferably the complete image area of the image of the
second set is processed, but optionally only that part of the image predicted or
determined to contain the object need be processed. Thus an intermediate output of the
method may comprise a map comprising a surface normal direction for each pixel of an
image of the second set, and therefore for each pixel of each image of the second set.
The surface normal data may be employed to determinate 3D surface geometry
explicitly by integration. For example see, R. Basri and D. Jacobs, “Photometric Stereo
with General, Unknown Lighting,” Proc. Computer Vision and Pattern Recognition
Conf., pp. 374-381, 2001.

We have described how embodiments of the method may be employed to recover the
shape of the object, but a variant of the method may be employed to reconstruct a light
field or illumination map. In this variant the second set of images comprises images
from different viewpoints, as well as having different illumination. In principle the
same images may be employed for both the first and second set of images, that is the

frontier points may be determined from the same set of images later used to determine
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the light field or illumination. Depending upon the complexity of the light field
typically between 10 and 100 images are needed.
Thus in a related aspect the invention provides a method of determining data
characterising a set of images of an object, the method comprising: inputting data from
a first set of images of said object captured from a plurality of different positions;
determining frontier point data from said data for said first set of images and data
defining said image capture positions, said frontier point data defining a plurality of
frontier points on said object, and for each said frontier point, a direction of a normal to
the surface of the object at the frontier point; inputting data from a second set of
captured images of said object, said second set of images having different viewpoints
and illumination conditions; and determining data characterising said second set of
images using said data for said second set of images and said frontier point data, said
image set characterising data comprising object reflectance parameter data (B) and
illumination data comprising data defining a common angular illumination intensity

distribution for all the images of said second set of images.

Broadly speaking the illumination data determined by embodiments of the method has
more parameters than that used for reconstructing a three-dimensional surface of an
object, and defines an angular intensity distribution. However this angular intensity
distribution is substantially the same for the complete (second) set of images and, again,
this distribution may be determined by minimising a cost function dependent upon a
summed discrepancy between predicted and actual intensity data at frontier points on an
object or objects in the images. The illumination map may be relatively coarse, for
example merely specifying two, three or a few light sources (intensity and direction), or
a more complex angular intensity distribution may be determined, in which case more
images are needed for noise-reduction. This technique may be used, for example, to
determine an illumination map defining an angular intensity distribution of illumination

in a set of images from a film sequence.

The invention further provides processor control code to implement the above-described
systems and methods, in particular on a data carrier such as a disk, CD- or DVD-ROM,
programmed memory such as read-only memory (Firmware), or on a data carrier such

as an optical or electrical signal carrier. Code (and/or data) to implement embodiments
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of the invention may comprise source, object or executable code in a conventional
programming language (interpreted or compiled) such as C, or assembly code, code for
setting up or controlling an ASIC (Application Specific Integrated Circuit) or FPGA
(Field Programmable Gate Array), or code for a hardware description language such as
Verilog (Trade Mark) or VHDL (Very high speed integrated circuit Hardware
Description Language). As the skilled person will appreciate, such code and/or data
may be distributed between a plurality of coupled components in communication with

one another.

In further aspects the invention provides apparatus including means to implement the
above described methods, for example, including a carrier carrying processor control

code as described above.

Thus in a further aspect the invention provides a system for determining data
characterising a set of images of an object, the system comprising: an input to input data
from a first set of images of said object captured from a plurality of different positions,
and data from second set of captured images of said object, said second set of images
having substantially the same viewpoint and different illumination conditions;

data memory for storing data to be processed; program memory storing processor
control code; and a processor coupled to said input, data memory and program memory
to load and implement said stored code, said code comprising code for controlling the
processor to: determine frontier point data from said data for said first set of images and
data defining said image capture positions, said frontier point data defining a plurality
of frontier points on said object and for each said frontier point, a direction of a normal
to the surface of the object at the frontier point; and determine data characterising said
second set of images using said data for said second set of images and said frontier
point data, said image set characterising data comprising object reflectance parameter
data (B) and, for each image of said second set, illumination data (L) comprising data

defining an illumination direction and illumination intensity for the image.

In preferred embodiments the method includes code for determining geometry data
defining a three-dimensional surface of the object. Preferably the apparatus includes at

least one camera controller for controlling the position of at least one, and preferably
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two cameras to capture images for the first set of images, and an image capture system
for capturing images for both the first and second set of images. The code may then
include code to control the camera controller and to capture images for the first and
second set of images. The system may include a push-button to control the image
capture. The lighting variation may be performed manually and/or automatically, for
example by means of a lighting controller to control one or more sources of
illumination. The cameras and/or lighting may be provided on a framework but
preferably, for flexibility of use, a pair of image capture cameras are provided on
respective stands (tripods), each with a respective position (height) adjustment system
for control by the camera controller to capture the above-mentioned images. A camera
for capturing the second set of images may be provided at a fixed position again, for

example, mounted on a stand or tripod.

The invention further provides a vehicle, including a mobility function to enable the
vehicle to move itself, the vehicle further including: a system to determine relative
position of the vehicle from a point; at least one camera to capture images; a system to
utilise said relative vehicle position to reconstruct shapes of one or more objects from
images captured from said camera by moving the vehicle, and to thereby detect an area
unoccupied by said one or more objects. Preferably the vehicle further comprises a
system for determining a direction of sunlight, and wherein said shape reconstruction
system 1s configured to one said sunlight direction in said object shape reconstruction.
In this way, the vehicle can, by itself, detect a parking space in the vicinity of the
vehicle, for parking the vehicle. This may be displayed to the driver and/or used for
automatic parking. Thus an automatic parking system is also provided by aspects of the

invention,

These and other aspects of the invention will now be further described, by way of

example only, with reference to the accompanying figures in which:

Figure 1 shows a flow diagram of a procedure for capturing images and determining a

set of frontier points;

Figure 2 shows a procedure for determining a frontier point location;
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Figure 3 shows a flow diagram of a procedure for capturing images for processing;

Figure 4 shows a flow diagram of a procedure for determining lighting and object

reflection parameters from the images captured by the procedure of figure 3;

Figure 5 shows a procedure for determining an object geometry from the data provided

by the procedure of figure 4;

Figure 6 shows a block diagram of an image processing system embodying an aspect of

the present invention;

Figure 7 shows a block diagram of an image capture and processing system embodying

an aspect of the present invention;

Figure 8 shows a flow diagram of a procedure for determining illumination data from a

set of images;

Figure 9 shows frontier point geometry;

Figure 10 shows an example of general light distribution recovery using frontier points;

Figure 11 shows an example of reconstruction of a porcelain figurine using frontier

points; and

Figure 12 shows an automatic parking system using an embodiment of the invention.

We will first describe a detailed embodiment of the procedure and then provide
examples of potential implementations of a system. The system we describe is
concerned with the problem of recovering the problem of recovering reflectance

and 3-d shape of a non-Lambertian object from a collection of images. The main
challenge is how to establish correspondence between image regions that are projections

of the same 3-d point in space. While for Lambertian objects one can solve
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correspondence by direct matching of image regions, in the non-Lambertian case such
matching is not possible as the measured intensity may vary dramatically between
images, due, for example, to the unknown specular component of the reflectance.
Hence, in general, correspondence for non-Lambertian surfaces is established while
recovering the reflectance and the surface of an object, together with the illumination

distribution, which is a highly ill-posed and computationally challenging problem.

In our solution, rather than venturing into such a cumbersome optimization problem, we
propose to establish correspondence by exploiting occlusions, and, more precisely,
frontier points (Given two images each obtained from a different camera view, a frontier
point is the 3-d location where the epipolar plane (defined by the two cameras) is
tangential to the surface of the object. In addition, the normal to the surface at a frontier
point coincides with the normal to the epipolar plane). We notice that occlusions are
more resilient than other visual cues to changes in illumination or reflectance properties,
which makes them suitable for non-Lambertian objects. Rather than matching image
intensities, one can automatically determine correspondence by extracting the occluding
boundary from each image region and then by searching along the boundary for the 2D
points with tangents lying on the epipolar plane. This procedure allows not only to
recover the 3-d location of a point on the surface (the frontier point), but also its
corresponding normal vector. Hence, by working at frontier points one can solve a
much easier problem where shape is locally given, and one is only left with recovering
reflectance and illumination, which we pose as a blind deconvolution problem.
Furthermore, if an object is made of the same material, the reflectance and illumination
distribution recovered at frontier points can then be used to infer its full 3-d shape. We
apply this scheme to the case of uniform albedo where very little work has been done in

the general scenario where we operate.

The reflectance of a large class of objects is well approximated by the so-called
bidirectional reflectance distribution function (BRDF). This is defined at each point P of
a surface as a function B(6;,¢i,0,,9,) mapping the Cartesian product between the
hemisphere of incoming light directions (8;,¢;) and the hemisphere of outgoing light
directions (8,,¢,) to nonnegative values (we define the BRDF in local coordinates, i.e.

we define a reference system at each point P on the surface of the object and set the z-
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axis parallel to the normal to the surface, while the x and y-axis lie on the tangent plane)
a. The BRDF predicts how much light will be reflected at a point on a surface along a
certain direction, due to incoming light. In the simplest instance of a Lambertian object,
the BRDF is a constant, i.e. light is reflected equally in all directions. In the case of non-
Lambertian objects the BRDF is much more involved and a number of models have
been proposed, each described by a number of parameters. A typical example is the

Ward model

-
L —ban® g fo
P Pet

BBy 645 60y 90) = EL 4 - |
L deer/cos b cos b,

(1)

where, if h is the bisector of the vectors (8;,0;) and (6,,0,); 0 is the angle between h and
N, where N is the normal to the surface at P. This model has three free parameters, pq,
ps, and a. Then, the irradiance observed at a pixel p, the projection of P on the image
plane, is given by:

N ‘ ’ pmw o pw/2 )
I(p) = }(ﬂos @ﬁ*c}} = ] 9’13(5&; $43 00, Qi}r;)}
o_J0 e e
L[H P (5; % :l ) cos t'?; 81N 5% db; d(g‘)z
where the pixel p defines the local direction (8,,0,). L is the light distribution and since

it is defined in global coordinates, we need to introduce the rotation Rp that transforms

local coordinates at P to global coordinates.

Notice that the irradiance, given above, depends on the shape of the object via the
normal field N, on the BRDF at each point P and on the global illumination L, which
are, in general, all unknown. For simplicity, here we focus on objects made of the same
material, i.e. we assume that the BRDF is the same at each point on the surface. In the
next section, we will pose the problem of recovering these unknowns by matching the

model of the irradiance equation to measured images.

Suppose we are given a number of images I; 1,..., Ix,v obtained from K different

vantage points and M different illumination conditions, then, as mentioned in the
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previous section, one may be interested in recovering the shape S of the object in the
scene, which we identify with its normal field N and a 3-d point, its BRDF and the light

distribution L. This problem can be posed as the following minimization:

- S & . "
S, 8,Ly,...,Ly = arg min E A

" 8,8, Lt ey Lot

k=1
Z P (Ikt_,‘ma I (S; B, Lm)}
=1

3)
where Ix(S,Ly,) is a short-hand notation for model (2), and its dependency on the
unknowns has been made explicit. @ is a function that accounts for the discrepancy
between Iy, and I(S,Ly,). We require @ to be zero if and only if L,m = I(S,L), and to

be strictly positive otherwise.

Notice that, given one of the unknowns, for instance, the shape S of the object, the
minimization task (3) is dramatically simplified. Consider the case of M = 1, i.e. fixed
illumination conditions, then, one can easily show that the minimization (3) can be cast
as a classic blind deconvolution problem where B is the convolving kernel and L

is the input signal. Similarly, if f and L were given, then recovery of the shape S would

be greatly simplified.

Our method exploits frontier points to this purpose. We will show that they provide
some partial shape information that can be used to solve for f and L, which, in turn, can
then be used to infer the complete shape S. Before presenting our solution we need to

briefly introduce frontier points and how they are automatically extracted from images.

Suppose we are given two images of the same object from two different vantage points.
A frontier point is defined as (one of) the point(s) given by the intersection

of the object and the epipolar plane T tangent to the object (see Figure 9). Notice that in
this way we simultaneously define a point P on the surface and the normal N to the

surface at that point.
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An alternative and practical way to obtain frontier points is to look at the object’s
outlines. An outline is defined as the projection on the image plane of a 3-d curve lying
on the object, such that any line connecting this 3-d curve with the camera centre is
tangent to the object. Given two outlines, a frontier point P can be defined as the

location in space that simultaneously satisfies the following properties:

e The projection p of P on each camera lies on both the outlines
e The tangent vector of each outline at the projection of the frontier point must lie

on the same epipolar plane.

In our algorithm, we find frontier points by defining a cost functional that is minimized
only when the two properties above are satisfied. The overall scheme for the automatic
extraction of frontier points on the surface of an object is as follows: (a) Obtain a
number of images of the object (calibrated for pose and internal parameters) (b) Extract
the object’s outlines in those images (¢) Compute a number of frontier points lying on

the extracted outlines and satisfying the properties above.

As mentioned above, frontier points not only define a point P on the object, but also a
vector N normal to the object at P. Now, suppose that one is given a set of such pairs
(P,N) that have been recovered by following the procedure described above. If we
collect intensities at the selected frontier points into a single vector I, then we can

solve problem (3) in the unknown light distribution L and BRDF B, since shape is given.
We will consider this problem in two separate settings, namely when M =1 and K > 1,
1.e. in the case of fixed illumination and varying vantage point, and when M > 1 and K =

1, i.e. in the case of varying illumination and fixed vantage point.

Case I: Fixed Illumination (M =1 and K> 1)

Here we choose the extended Kullback-Leibler pseudo-distance as our discrepancy
measure, i.e. we set

I
Jy

O(Iy, Jp) = Iplog — — I + Jy

(4)
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so that the optimization problem (3) becomes

K
3, L = arg min Z &I, Ji)
B = ‘
k=1
()
Jx1s directly derived from eq. (2) as
| K
B, L =argmin % (I, Jy)
i
(6)

To adapt our problem to blind deconvolution, we do a change of coordinates on (6;, ;)
so that (6;, ¢;i") = Rpx (0;, i), and then set h(0;’, ¢i’; Oy, @x) = B(0;°, ¢i’; Ok, Pk) cos ;” sin

0;” Ay, where Ay is the Jacobian of the change of coordinates. As a result, we obtain

T, = / / RO, 8L B, 1) L(8), &) dB,
i (7)

We choose to estimate L and the parameters of h (i.e. the parameters of the BRDF B) by
running the following alternating minimization scheme employed in /P. Favaro and S.
Soatto. Shape and reflectance estimation from the information divergence of blurred
images. In European Conference on Computer Vision, pages 755-768, June 2000],
which is provably minimizing the chosen @ while preserving the nonnegativity of

L. The scheme consists of the following iterations:

1. Fix the parameters of the BRDF and recover L by using the Lucy-Richardson
iteration (see citation above)
2. Fix the light distribution L and recover the parameters of the BRDF in h by

gradient descent.
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An example of recovering a complex illumination environment using the technique

described in this section is given in Figure 10.

Figure 10 shows general light distribution recovery with frontier points. (a) A plastic
sphere with 80 frontier points defined on it. (b) Left: the recovered light field for the
scene mapped onto a sphere. Right: a view of the light source (two bright spots) - note
how the two light distribution peaks are preserved in the estimated field. (¢) Two close-
up views of the specularity on the sphere. For each view, the specularity in the real
image is followed by a synthetic rendering of the same view using the estimated light-

field and BRDF. The structure of the specularity has been captured correctly.

Case 1I: Varying llumination (M > 1 and K= 1)

Here we assume that K = 1 and M > 1. This typically arises in photometric stereo where
the camera vantage point is kept fixed while the lighting changes between

image captures. The optimization problem (3) becomes

| M
&,Ly, -+, Ly =arg min E (L, I
M}Ll ,‘“.,Lfn ??1_1

(8)

we restrict our representation of the light distribution to a single moving
point light source, i.e. we assume that L(Rp(8;, ¢;)) =A8(0,,- 0r) 8(¢,- 1) where § is

the Dirac delta. Then, we immediately obtain that

)

Since in this case the nonnegativity of L is automatically guaranteed, we do not need to
resort to the Kullback-Leibler pseudo-distance and the corresponding alternating
minimization scheme. For simplicity, we choose @ to be simply the L, norm of the

difference of the measured intensities and the ones predicted by the model (9), i.e.
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‘:I} (I ks JI?’;L) = (I 71 JT ﬁm}g

To solve problem (8) we run a gradient descent or a standard nonlinear optimisation
method, as the space of the unknowns is very small (in practice, 4 parameters for the
BRDF [} and 3M parameters for the illumination). As an example of a nonlinear
optimisation method we mention the implementation of 1 sgnonlin in Matlab®. An

example of the technique described in this section is given in Figure 11.

Figure 11 shows an example of reconstruction of porcelain figurine using frontier
points. (a) Left to right: Images of the figurine with contours extracted. The frontier
points defined on a small convex region of the figurine. (b) Three input images with
varying light source (¢) Two pairs of images of the real figurine next to a synthetically
rendered example sphere of the same material under the same illumination. To
synthetically render the example sphere, the estimated illumination and BRDF
parameters have been used. (d) Three images from front, side and top of the 3-d
reconstruction of the porcelain object.

Figures 1 to 5 and 8 show flow diagrams for implementing embodiments of the

invention.

Referring to figure 1, this shows a flow diagram of a procedure for capturing images

and determining a set of frontier points. The steps in figure 1 are as follows:

Step 1 - Capture a set of images, of the object from a plurality of different directions

(using any appropriate lighting).

Step 2 - Use 2 cameras & capture e.g. 10 images with each, for each image recording

the camera positions.

Step 3 — Generate silhouette for each image and generate e.g. 100 image pairs, a pair =

one from each camera.
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Step 4 — Compute e.g. 100 frontier points. Frontier point: X, Y, Z+normal direction

(Phi, Theta)

Referring to figure 2, this shows a procedure for determining a frontier point location.

The steps in figure 2 are as follows:

Step 1 — For camera positions c1, ¢c2 move epipolar plane until epipolar lines in c1, c2

image planes both touch object silhouette (i.e. tangent to object images).

Step 2 - Triangulate from camera centres through points of tangency in respective
camera image planes to determine frontier point location (where lines meet: x,y,z);
normal to plane is frontier point is normal.

Referring to figure 3, this shows a procedure to determine, for a data set a set of images
(e.g. from a standard digital camera), each with a lighting direction and intensity
(“Intensity Images™) and a set of frontier points with associated intensities, and for this

object, a set of reflectance parameters, and in the set of images:

1) Viewpoint of image capture camera same (i.e. viewpoint constant)

2) Lighting varies

Step 1 — Illuminate object

Step 2 — Capture image (and store)

Step 3 — Change illumination

Step 4 — Repeat n times 5<n<50

Referring to figure 4 this shows flow diagram of a procedure for determining lighting

and object reflection parameters from the images captured by the procedure of figure 3.

The steps are as follows:
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Step 1 — Determine locations (projections) of frontier points in image plane (same for

all images).

Step 2 — For each image

Step 3 — Write image intensities of frontier points locations into frontier point intensity

data structure (vector)

Step 4 - Use frontier point data to characterise each image: L;;53 for all

Step 5 - Use frontier point intensity data (structure) to determine illumination data

(Li: {theta, phi, intensity}) for each image, and object reflectance B (same for all)

Step 6 - Determine cost function dependent upon summed discrepancy between
predicted frontier point intensity data from postulated L;; and actual frontier point

intensity data and minimise cost function to determine L;;

Step 7 — L for each image and object reflection parameters (8 )

Figure 5 shows a procedure for determining an object geometry from the data provided
by the procedure of figure 4; determine object geometry for which the total discrepancy
between image intensities predicted for each image by the geometry and L; for the
image, and B (determined from the frontier point intensity data), is minimised

(“ photometric stereo”™)

The steps are as follows:

Step 1 - Do for each pixel:

Step 2 - Determine surface normal direction for pixel by minimising the total

discrepancy between image intensities predicted for each image by the geometry and L;

for the image, and 3 (determined from the frontier point intensity data), is minimised for
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the pixel, where the geometry to be determined is the surface normal (to provide a

needle map)

Step 3 - Integrate normal (needle) map to determine surface geometry, using frontier
point locations to fix constant of integration (absolute object location in space) (eg.

evolution of depth values initialised with fixed frontier points)
Step 4 - Output and/or store surface defining data

Figure 6 shows a block diagram of an image processing system embodying an aspect of
the present invention. The system includes stored program code, optionally provided on
a removable storage medium illustratively shown by a floppy disk, the code comprising:
image capture code; silhouette extraction (segmentation) code; frontier point
determination code; image illumination and object reflection characterisation code;
object surface normal determination code; non-linear optimisation code (eg. gradient
descent); normal map integration code; user interface code; camera position control

code; and operating system code.

Figure 7 shows a block diagram of an image captured processing system embodying an

aspect of the present invention.

Figure 8 shows a flow diagram for implementing a fixed illumination variant procedure

(Case I as above). The steps are as follows:

Step 1 - Input set of images of illumination object from different viewpoints (eg.10 <n

<100)

Step 2 - For each image, determine projections of frontier points in image plane and

write into data structure

Step 3 - Determine illumination data specifying an angular intensity distribution -
"illumination map" - (constant for the set of images) by minimising a cost function

depending upon summed discrepancy between predicted and actual frontier point
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intensity data, predicted frontier point data derived from postulated 3 and angular

distribution (L).

Referring to figure 12, this shows an automatic parking system, which uses an

embodiment of the above-described system.

It will be recalled that, broadly speaking, embodiments of the technique described here
enable the construction of a three-dimensional representation of an object by first
determining frontier point data, and then characterising a set of images to determine an
object reflectance and, for each image of the set, illumination data, this information then
being used to determine geometry of a surface of the imaged object. To determine the
frontier point data, images captured from two different positions are silhouetted and
processed to determine frontier points on the object and then preferably further images

are captured looking generally towards the frontier points on the object.

In the system of figure 12, one or more cameras (1202) is positioned on a movable
vehicle (1200) to capture images for determining frontier points and also for use in
determining object surface geometry. The vehicle is equipped with a system which
allows a determination of the relative position of the vehicle from a starting point (for
the processing), in figure 12(a). This system may comprise, for example, a steering
angle meter and an odometer, or, alternatively, other equipment such as a gyroscopic
position determination system. This allows images to be captured at a number of
different positions (positions (a), (b), (c) in figure 12), the locations of these positions

being known at least relative to one another, for use in the above-described techniques.

Preferably the vehicle also is equipped with a system such as GPS (Global Positioning
System) for measuring latitude and longitude and for providing a clock for determining
date and time. This enables a direction of sunlight to be determined, which facilitates
implementation of the above techniques. More particularly, although we have
described techniques in which the illumination is an unknown, and varied in order to
determine object reflectance, where the illumination direction is known then object

reflectance may be determined without the need for varying the illumination. However,
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alternatively, this system may be omitted or not used and natural variations in the

lighting conditions employed.

The automatic parking system is thus able to capture images at known positions
(because the vehicle with the camera can move around and capture images and can also
determine its relative position at any point), and with this information, and optionally
the direction of sunlight, can reconstruct the shape of surrounding objects, in particular
vehicles (1204) parked nearby. Knowing the shape of these vehicles enables the shape
of a target parking space (1206) to be determined and then a conventional automatic

steering/parking system can be used to park the vehicle into the space.

No doubt many other effective alternatives will occur to the skilled person. It will be
understood that the invention is not limited to the described embodiments and
encompasses modifications apparent to those skilled in the art lying within the spirit and

scope of the claims appended hereto.
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CLAIMS:

1. A method of determining data characterising a set of images of an object, the
method comprising:

inputting data from a first set of images of said object captured from a plurality
of different positions;

determining frontier point data from said data for said first set of images and
data defining said image capture positions, said frontier point data defining a plurality
of frontier points on said object, and for each said frontier point, a direction of a normal
to the surface of the object at the frontier point;

inputting data from a second set of captured images of said object, said second
set of images having substantially the same viewpoint and different illumination
conditions; and

determining data characterising said second set of images using said data

for said second set of images and said frontier point data, said image set characterising
data comprising object reflectance parameter data (3) and, for each image of said
second set, illumination data (L) comprising data defining an illumination direction and

illumination intensity for the image.

2. A method as claimed in claim 1 wherein said determining of frontier point data
uses pairs of images of said first set of images, the two images of a said pair being

captured by first and second respective cameras.

3. A method as claimed in claim 2 further comprising generating a plurality of said
pairs of images by pairing an image captured by said first camera at a first position with
a plurality of images captured by said second camera at a plurality of different second

positions.

4, A method as claimed in any one of claims 1 to 3 wherein said frontier pomnt
determining comprises determining silhouette data a silhouette for each image of said

first set of images; and determining said frontier point data using said silhouette data.
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5. A method as claimed in any preceding claim wherein said determuining of image
set characterising data further comprises determining projected positions of said frontier
points defined by said frontier point data into an image of said second set of images,
determining image intensity data at cach of said projected positions, and determining
said image set characterising data responsive to said projected positions and said image

intensity data at said projected positions.

6. A method as claimed in any preceding claim wherein said determining of image
set characterising data further comprises:

determining postulated image set characterising data comprising postulated
object reflectance parameter data and postulated illumination data for said images of
said second set of images;

determining predicted second set of image data from said postulated image set
characterising data and said frontier data, said predicted second set image data defining
for said images of said second set of images, predicted image values at projections of
said frontier points onto said images of said second set of images; and

minimising a cost function dependent upon a summed discrepancy between said

predicted second set image data and said data for said second set of images.

7. A method as claimed in any preceding claim further comprising determining
geometry data defining a geometry of said object surface using said image set

characterising data.

8. A method as claimed in claim 7 wherein said geometry data determining
comprises determining said geometry data by a photometric stereo geometry

determining procedure.

9. A method as claimed in claim 7 or 8 wherein a pixel of an image of said second
set of images has a substantially spatially corresponding counterpart in each other image
of said second set of images, and wherein said geometry data determining comprises
determining for a set of corresponding pixels, a best fit of a surface normal to the object

given pixel values of said set of pixels and said image set characterising data.



WO 2007/042844 PCT/GB2006/050325

25

10. A method of determining data characterising a set of images of an object, the
method comprising:

inputting data from a first set of images of said object captured from a plurality
of different positions;

determining frontier point data from said data for said first set of images and
data defining said image capture positions, said frontier point data defining a plurality
of frontier points on said object, and for each said frontier point, a direction of a normal
to the surface of the object at the frontier point;

inputting data from a second set of captured images of said object, said second
set of images having different viewpoints and illumination conditions; and

determining data characterising said second set of images using said data for
said second set of images and said frontier point data, said image set characterising data
comprising object reflectance parameter data () and illumination data comprising data
defining a common angular illumination intensity distribution for all the images of said

second set of images.

11. A method of assisting parking using the method of any preceding claim.

12, A carrier carrying processor control code to, when running, implement the

method of any preceding claim,

13. A system for determining data characterising a set of images of an object, the
system comprising:

an input to input data from a first set of images of said object captured from a
plurality of different positions, and data from second set of captured images of said
object, said second set of images having substantially the same viewpoint and different
illumination conditions;

data memory for storing data to be processed,;

program memory storing processor control code; and

a processor coupled to said input, data memory and program memory to load
and implement said stored code, said code comprising code for controliing the processor

to:
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determine frontier point data from said data for said first set of images and data
defining said image capture positions, said frontier point data defining a plurality of
frontier points on said object and for each said frontier point, a direction of a normal to
the surface of the object at the frontier point; and

determine data characterising said second set of images using said data

for said second set of images and said frontier point data, said image set characterising
data comprising object reflectance parameter data () and, for each image of said
second set, illumination data (L) comprising data defining an illumination direction and

illumination intensity for the image.

14. A system as claimed in claim 13 wherein said code further comprises code to
determine geometry data defining a geometry of said object surface using said image set

characterising data.

15. A system as claimed in claim 13 or 14 further comprising at least one camera
controller for controliing a position of a camera to capture an image for said first set of
images, and an image capture system for capturing images for said first and second sets
of images, and wherein said code further comprises code to control said camera

controller and capture images for said first and second sets of images.

16. A parking assistance system including the system of any one of claims 13 to 15.

17. A vehicle, including a mobility function to enable the vehicle to move itself, the
vehicle further including:
a system to determine relative position of the vehicle from a point;
at least one camera to capture images;
a system to utilise said relative vehicle position to reconstruct shapes of one or
more objects from images captured from said camera by moving the vehicle, and

to thereby detect an area unoccupied by said one or more objects.

18. A vehicle as claimed in claim 17 further comprising a system for determining a
direction of sunlight, and wherein said shape reconstruction is configured to one said

sunlight direction in said object shape reconstruction.
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Determine a set of Frontier Points

CAPTURE A BET OF IMAGES, OF THE
OBJECT FROM A PLURALITY OF
DIFFERENT DIRECTIONS (USING ANY
APPROPRIATE LIGHTING)

Y

USE 2 CAMERAS & CAPTURE e.g.

10 IMAGES WITH EACH, FOR EACH

IMAGE RECORDING THE CAMERA
POSITIONS

Y

GENERATE SILHOUETTE FOR EACH
IMAGE & GENERATE e.g. 100 IMAGE
PAIRS, A PAIR = ONE FROM EACH
CAMERA

Y

COMPUTE e.g. 100 FRONTIER POINTS
FRONTIER POINT: X,Y,Z+NORMAL
DIRECTION (PHI, THETA)

Figure 1
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FRONTIER POINTS

FOR CAMERA POSITIONS C,, C, MOVE
EPIPOLAR PLANE UNTIL EPIPOLAR
LINES IN C,, C, IMAGE PLANES BOTH
TOUCH OBJECT SILMOUETTE
(l.e. TANGENT TO OBJECT IMAGES)

Y

TRIANGULATE FROM CAMERA CENTRES
THROUGH POINTS OF TANGENCY [N
RESPECTIVE CAMERA IMAGE PLANES

TO DETERMINE FRONTIER POINT

LOCATION {WHERE LINES MEET: X,Y,Z});

NORMAL TO PLANE |15 FRONTIER POINT

1S NORMAL

Figure 2
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Determine, for a data set a set of images (eg from a standard digital camera) , each with a
lighting direction and intensity ("Intensity Images"} and a set of frontier points with
associated intensities, and for this obiect, a set of reflectance parameters, and in the set of

images:
1) Viewpoint of image capture camera same ( i.e. viewpoint constant)
2) Lighting Varies

ILLUMINATE OBJECT

|

CAPTURE IMAGE (AND STORE)

REPEAT

n TIMES

5<n<50
Y A

CHANGE ILLUMINATION

®)

Figure 3



WO 2007/042844

4/12

DETERMINE LOCATIONS

(PROJECTIONS) OF FRONTIER POINTS
IN IMAGE PLANE
(SAME FOR ALL IMAGES)

Y

FOR EACH IMAGE:

Y

WRITE IMAGE INTENSITIES OF
FRONTIER POINTS LOCATIONS INTO
FRONTIER POINT INTENSITY DATA
STRUCTURE
(VECTOR)

USE FRONTIER POINT

DATA TO CHARACTERISE
EACH IMAGE. LR FORALL

Y

USE FRONTIER POINT INTENSITY DATA
(STUCTURE) TO DETERMINE
ILLUMINATION DATA (Li:{THETA, PHI,
INTENSITY}H FOR EACH IMAGE, AND
OBJECT REFLECTANCE 3 {SAME FOR
ALL)

|

DETERMINE COST FUNCTION DEPENDENT
UPON SUMMED DISCREPANCY BETWEEN
PREDICTED FRONTIER POINT INTENSITY

DATA FROM POSTULATED Li;R AND ACTUAL

FRONTIER POINT INTENSITY DATA AND

MINIMISE COST FUNCTION TO DETERMINE

LiB

Y

L FOR EACH IMAGE AND
OBJECT REFLECTION
PARAMETERS (3 )

Figure 4
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INTENSITY)
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INTENSITIES

OBJECT
REFLECTANCE
(B)
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DETERMINE OBJECT GEOMETRY FOR WHICH THE TOTAL DISCREPANCY
BETWEEN IMAGE INTENSITIES PREDICTED FOR EACH IMAGE BY THE
GEOMETRY AND Li FOR THE IMAGE, AND & (DETERMINED FROM THE FRONTIER
POINT INTENSITY DATA), 1S MINIMISED (" PHOTOMETRIC STEREOQO")

DO FOR EACH PIXEL:

A

DETERMINE SURFACE NORMAL DIRECTION FOR PIXEL
BY MINIMISING THE TOTAL DISCREPANCY BETWEEN
IMAGE INTENSITIES PREDICTED FOR EACH IMAGE BY

THE GEOMETRY AND Li FOR THE IMAGE, AND [
{DETERMINED FROM THE FRONTIER POINT INTENSITY
DATA), IS MINIMISED FOR THE PIXEL, WHERE THE
GEOMETRY TO BE D‘%EEFEV‘NKEIED IS THE SURFACE
R

NEEDLE

MAP \

INTEGRATE NORMAL {NEEDLE) MAP TO DETERMINE
SURFACE GEOMETRY, USING FRONTIER POINT
LOCATIONS TO FIX CONSTANT OF INTEGRATION
(ABSOLUTE OBJECT LOCATION IN SPACE)
{eg. EVOLUTION OF DEPTH VALUES INITIALISED WITH
FIXED FRONTIER POINTS )

Y

OUTPUT AND/OR STORE
SURFACE DEFINING DATA

Figure 5
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IMAGE CAPTURE vl

v\ \WORKING MEMORY
STORED PROGRAM CODE

IMAGE CAPTURE CODE

SILHOUETTE EXTRACTION el PROCESSOR
(SEGMENTATION) CODE

FRONTIER POINT

DETERMINATION CODE

IMAGE ILLUMINATION AND | CONTROLLER
OBJECT REFLECTION

CHARACTERISATION CODE

OBJECT SURFACE NORMAL
DETERMINATION CODE el DISPLAY /O

NON-LINEAR OPTIMISATION
CODE (eg. GRADIENT
DESCENT)

NORMAL MAP INTEGRATION
COPE

USER INTERFACE CODE

CAMERA POSITION CONTROL

coDk
l NETWORK
INTERFACE

OPERATING SYSTEM CODE Y

IMAGE PROCESSING

SYSTEM
n

iemovable storage

g.FLOPPY DISK

Figure 6
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ILLUMINATION SOURCE
A / (MOVE BY HAND)

*

Z - ADJUSTABLE

STAGE Z- AQUSTABLE

STAG
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\

OBJECT

-

e
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X* 9

~ | "CAPTURE
TRIGGER"

Y

CAMERA CONTROLLER
(STAGE CONTROL)

A

CAMERA
Cq Co CONTROL

C IMAGE !
3| CAPTURE |—_IMAGE DATA

Y y

COMPUTER CONTROL |t o G.U.
) (DISPLAY, KEYBOARD,
IMAGE PROCESSING POINTING DEVICE)
SYSTEM '
L] OBJECT
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NETWORK  [C;k—I [C
INTERFACE 1 3
CODE &/OR DATA
DATA IN STANDARD J7
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Figure 7
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Fixed lllumination Variant

INPUT SET OF IMAGES OF ILLUMINATION
OBJECT FROM DIFFERENT VIEWPOINTS
{eg.10 < n < 100)

FOR EACH IMAGE, DETERMINE
PROJECTIONS OF FRONTIER POINTS IN
IMAGE PLANE AND WRITE INTO DATA
STRUCTURE

) 4

DETERMINE ILLUMINATION DATA SPECIFYING AN
ANGULAR INTENSITY DISTRIBUTION -
"ILLUMINATION MAP" - (CONSTANT FOR THE SET
OF IMAGES) BY MINIMISING A COST FUNCTION
DEPENDING UPON SUMMED DISCREPANCY
BETWEEN PREDICTED AND ACTUAL FRONTIER
POINT INTENSITY DATA , PREDICTED FRONTIER
POINT DATA DERIVED FROM POSTULATED 3 AND
ANGULAR DISTRIBUTION (L)

STOP

Figure 8

SUBSTITUTE SHEET (RULE 26)
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Figure 9
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