Downloaded from rstb.royalsocietypublishing.org

TRANSACTIONS

PHILOSOPHICAL THE ROYAL |
OF SOCIETY

Shape from Local and Global Analysis of Texture

James V. Stone

Phil. Trans. R. Soc. Lond. B 1993 339, 53-65
doi: 10.1098/rstb.1993.0004

B

Email alerting service Receive free email alerts when new articles cite this article - sign up in the box at the top
right-hand corner of the article or click here

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
(@)

To subscribe to Phil. Trans. R. Soc. Lond. B go to: http://rstb.royalsocietypublishing.org/subscriptions

This journal is © 1993 The Royal Society


http://rstb.royalsocietypublishing.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=royptb;339/1287/53&return_type=article&return_url=http://rstb.royalsocietypublishing.org/content/339/1287/53.full.pdf
http://rstb.royalsocietypublishing.org/subscriptions
http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Shape from local and global analysis of texture

JAMES V. STONE

Cognitive and Computing Studies, University of Sussex, Brighton BNI 9QY, U.K.

SUMMARY

We demonstrate methods for estimating shape from texturet, for textures which are neither isotropic nor
homogeneous. Whereas earlier work assumed either isotropy or homogeneity, we make a more general
assumption: the local tangent distribution of the surface texture is invariant with respect to position. We
then present a taxonomy of texture types, and a set of methods that can be used to recover surface

orientation for each texture type.

We define two classes of methods for estimating shape from texture: invariance-seeking methods, and
value-seeking methods. These definitions are used to account for the performance of new methods on
different classes of texture. The approach outlined in this paper provides a general strategy for
generating methods for obtaining shape from texture for known classes of texture.

1. INTRODUCTION

Established methods for estimating shape from texture
assume homogeneity (Aloimonos 1988; Kanatani &
Chou 1989), or they assume isotropy (Witkin 1981;
Kube 1986; Blake & Marinos 1990; Brown & Shvays-
ter 1990), but not both. (A homogeneous texture has
the same ‘amount of texture’ per unit surface area. A
texture that is isotropic has the same proportion of
texture elements at each orientation.) Methods that
rely on isotropy use data from, and provide estimates
for, only a single image region of a given image. It
should be noted that these methods cannot determine
the sign of surface tilt. Such methods cannot take
advantage of the information afforded by gradients of
texture (Gibson 1979) observed under perspective
projection. In contrast, methods that rely on homoge-
neity depend on the presence of gradients of image
texture to estimate surface orientation, and do not, in
general, require an isotropic surface texture. These
methods can integrate data from different regions of
an image in order to provide an estimate of surface
orientation for each of those regions. In contrast to
those methods that assume isotropy, these methods
provide estimates which include the sign of surface tilt.

In §la,b we describe two sets of methods for
estimating shape from texture. The first set consists of
methods that assume homogeneity, and the second set
consists of methods that assume isotropy. In § I¢c we
show that these sets are special cases of two classes
which utilise more general assumptions than homo-
geneity or isotropy. In subsequent sections new meth-
ods associated with these two classes are described and
tested on images of planar textured surfaces.

t The term ‘shape from texture’, as it is commonly used in the
literature, is somewhat misleading. It is used, as we do here, to
describe methods for estimating the orientations of planar surfaces
(see, for example, Aloimonos (1988); Kube (1986); Brown &
Shvayster (1990)) and it is assumed that arbitrary shapes can be
approximated by collections of planar facets.
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(a) Homogeneity

Textural homogeneity has played a critical role in
the development of ideas (Gibson 1979) and computa-
tional methods (Aloimonos 1988; Kanatani & Chou
1989; Stone 1990, 1992; Stone & Isard 1993) for
deriving estimates of surface orientation under per-
spective projection. There are at least two distinct
working definitions of homogeneity. In Aloimonos
(1988) it is defined in terms of the length of lines
detected per unit surface area, while Kanatani &
Chou (1989) gives a more abstract definition of which
length per unit surface area is a special case.

If a surface texture is not homogeneous then it is
difficult to separate the inhomogeneities of an image
texture that are due to perspective projection, and
those due to textural inhomogeneity on the surface.
The basic strategy for taking advantage of textural
homogeneity is to find surface orientation parameters
that minimize the inhomogeneity of the back-pro-
jected surface texture. Clearly, this approach fails
when the surface texture is not approximately homo-
geneous.

(b) Isotropy and the local tangent distribution

One of the earliest demonstrations of estimating
surface orientation from texture is given in Witkin
(1981). Witkin assumed that the surface texture is
isotropic and that the image is formed by ortho-
graphic projection. The basic strategy used by Witkin
and all subsequent methods in this class is as follows.
The projection of an isotropic surface texture gener-
ates an anisotropic image texture (if the surface is not
fronto-parallel). Under orthographic projection, the
degree of image anisotropy is a function only of the
surface orientation. Therefore, the estimated surface
orientation is given by those surface orientation
parameters which minimise a measure of the aniso-
tropy of the back-projected image texture.
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The basic strategy used by Witkin has been re-
implemented many times by making use of different
metrics of anisotropy, such as the two-dimensional
autocorrelation function (Brown & Shvayster 1990),
or the output of Gabor filters (Kube 1986; Turner et
al. 1991). All of these methods attempt to find surface
parameters which generate a minimally anisotropic
estimated surface texture, and all (except the method
described in Garding (1991)) assume orthographic
projection.

(¢) Invariance-seeking and value-seeking methods

The methods described in the last two sub-sections
exemplify two distinct strategies for estimating shape
from texture. The first (exemplified in § la) assumes
that the surface texture is invariant with respect to a
specified property (e.g. density). This strategy is
consistent with the approach popularized by Gibson
(1979) for utilizing changesf in two-dimensional
images in order to estimate corresponding values of
physical invariances (e.g. surface orientation). We
define methods that use this strategy as invariance-
seeking methods, because they only require that a
specified property of a three-dimensional scene
remains invariant.

In contrast, the second strategy (exemplified in
§ 15) does not require that the surface texture is
invariant with respect to a specified property. Instead,
it assumes that the value of a specified property (e.g.
anisotropy) is known. We define methods that use this
strategy as value-seeking methods. Methods that use
this strategy adjust their estimate of a specified
parameter (e.g. surface orientation) in order to maxi-
mize the agreement between the assumed value of a
property (e.g. anisotropy = 0) and the estimated
value of that property based on a set of image data
and the current estimate of the specified parameter
(e.g. surface orientation). For example, in Witkin
(1981) it is assumed that the degree of textural
anisotropy is zero. Thus, zero is the value assumed to
be associated with the degree of anisotropy of the
surface texture. The method adjusts the estimated
surface orientation so as to maximize the agreement
between the assumed degree (= zero) of surface
texture anisotropy and the estimated degree of surface
anisotropy (where the latter is a function of the
current estimate of the surface orientaton). Such
methods fall outside of the framework constructed by
Gibson (1979) for making use of physical invariances
(e.g. textural homogeneity) associated with the gra-
dients of imaged texture. In contrast, in Aloimonos
(1988) it is assumed that the amount of texture per
unit surface area is invariant with respect to position
on the surface. In this case, density is the property that
is assumed to be invariant, and the method should
work equally well (in principle) for any value of
density of the surface texture.

The methods described in subsequent sections are '

presented in an order which is inversely related to the

1 Either within a single image, or changes associated with a single
image position across temporally contiguous images.
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amount of ‘knowledge’ each method requires regard-
ing the nature of surface texture to be analysed.
Accordingly, we begin by describing a set of methods
which are value-seeking, and then a larger set of
methods which are invariance-seeking. The methods
become increasingly general (across and within these
two sets of methods) in terms of the types of texture
they can successfully analyse. Additionally, images of
textured surfaces are presented in an order which is
approximately proportional to the number of degrees
of freedom associated with the surface texture in each
image. Thus, all methods perform well on the ‘con-
strained’ texture of figure 1, an increasing proportion
of the images are successfully analysed by subsequent
methods, and only the final method (mMTD-MV) des-
cribed performs well on the ‘unconstrained’ texture
shown in figure 8.

(d) Test images

Before defining more formally a taxonomy of tex-
tures and computational methods associated with
each, table 1 lists the properties (defined in later
sections) of each of the test images used here. Note
that each of the images was generated from a planar
surface using perspective projection. The apparent
non-planarity of a given surface is due only to the
statistics of the texture on that planar surface.

In each results table the estimated surface orien-
tation is given as a pair of gradient space parameters
(P,Q) (see Appendix 1), and the error is given as the
angle, in degrees, between the estimated and actual
surface normal. The actual surface orientation of all
surfaces shown here is (P,Q) = ( — 0.287,0.789), and
the focal length is equal to the image height.

For each of the methods described below the
estimated surface orientation is given by a (P,Q) pair
which minimizes a particular cost function. For each
method, evaluation of the associated cost function
involves back-projecting image data onto the esti-
mated surface (see Appendix 2). The cost function is
minimized by making use of the ‘amoeba’ search
method described in Nelder & Mead (1965).

2. METRICS OF ANISOTROPY

A set of edge orientations, or tangents, can be plotted
as a histogram with the abscissa representing edge
orientation o and the ordinate representing the
number of edges, or length S, at each orientation. An
isotropic set of tangents defines a histogram that

Table 1. Properties of textures shown in figures 1-8

weakly  homo- weakly homo-
figure isotropic isotropic tropic homotropic gencous
1,2 yes yes yes yes undef  yes
3,4 no no yes yes yes
5 yes yes yes yes no
6 no no yes yes no
7 no no no yes yes
8 no no no yes no
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consists of a horizontal line. Deviations from isotropy
produce corresponding deviations in such a line.
However, it is not obvious how such deviations could
be used to index the degree of anisotropy of a given set
of edges.

A more intuitively appealing representation can be
obtained by plotting a tangent set in polar coordinates
S,a. Thus a point (81,01) is plotted S; units from the
origin, and describes a line at o; degrees from
horizontal. If an isotropic set of tangents is plotted in
polar coordinates then a semi-circle is observed. This
is because there are only 180 degrees of orientation.
This can be remedied by re-plotting the original data
set in the range 181-360 degrees to produce a circular
polar plot. Alternatively, the length at each orien-
tation, o can be plotted with direction 2o (Gérding
1991). A circular polar plot can only be obtained from
a data set that is isotropic, and deviations from
isotropy produce corresponding changes in the shape
of the polar plot. Re-plotting a histogram in polar
coordinates suggests ways of defining metrics for the
degree of anisotropy which are not apparent using the
conventional histogram plot. Two of these definitions
are described next.

For a given continuous tangent distribution G the
degree of anisotropy can be measured as the area of
the corresponding polar plot:

J = [ G(x)*do. (1)

=k |

Where G(a) is the length of components at orientation
«. J is a measure of the degree of anisotropy associated
with a set of tangents, and is minimal if these tangents
are distributed isotropically. However, the magnitude
of J depends on the total length of components in G.
This is undesirable if the relative degree of anisotropy
of two histograms with different areas (integrals) is
required§. To modifify J so that it does not depend on
the total length of components in J we first define a
normalized distribution F, such that:

= 2)

and a corresponding normalized version of J:

1S

I = [F(a)*do. (3)

0

For isotropic textures I = l/n. As before, any devia-
tion from isotropy is reflected by an increase in /. [ is
independent of the amount of texture used to con-
struct a histogram, and therefore of the size of the
image region from which the texture was derived.
Finally it should be noted that [ is invariant with
respect to scale, so that certain of the methods (e.g.
1D, IMTD) described below may be applicable to
fractal-like textures.

§ If the degree of anisotropy associated with two image regions
which contain different amounts of texture is required, for
instance.
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In contrast to I, weak isotropy is defined in
(Garding 1991) in terms of the mean vector (Mv)
V = (C,S) of a tangent distribution. For a distribution
F the components of its Mv are:

k3

C = | F(a)cos 20 do,

0

S = [ F(a)sin 20 do. (4)
0

With F(«) being subject to the same normalization as in

equation (2). The length |V]| = (C?+ $%)'? of V is

normalized in equation (4) so that (0 < = |V]| < = 1).

If | V| = 0 then the texture is defined in (Garding 1991)

as being weakly isotropic.

Note that all textures that are isotropic are also
weakly isotropic. Textures that consist of regular
polygons are not isotropic, but they are weakly
isotropic. Both I and | V| are measures of the degree of
anisotropy of a tangent distribution; both have a
minimal value for isotropic distributions, and a maxi-
mal value of distributions that consist of a single non-
zero length component. Even though the quantities /
and | V| are both minimal for isotropic distributions, a
plot of 7 and |V| versus ‘degree of anisotropy’ would
not, in general, display two parallel curves. The
quantity | V| = 0 for any distribution F in which every
component length F(a) = F(a + =/2). This is because,
in evaluating the discrete version of equation (4), two
such components vyield F(a)sin (20) + F(a + w/2)
sin (20 + w) = 0, and F(x)cos (20) + F(a + w/2) cos
(20 + m) = 0, as contributions to C and S, respect-
ively. In contrast, no such cancellation of terms occurs
with 7, so that it is possible for I to be non-minimal for
distributions which make |V| = 0. The converse does
not occur. Results (not reported here) indicate that
substituting / for |V]in methods described in this
paper usually yields only a small difference in the
estimated surface orientation.

(a) Using metrics of anisotropy to estimate surface
orientation

We can use metrics of anisotropy to estimate surface
orientation either by using the strategy described by
Witkin for data from a single image region, or by
finding a ‘best-fit’ solution for data from multiple
image regions. Both of these strategies give rise to
methods which are of the value-seeking class of
methods.

(1) Isotropy and the MLA methods

These methods represent implementations of the
strategy originally described in (Witkin 1981). For a
given image region the estimated surface orientation is
given by the value of surface orientation parameters
(P,Q) that minimizes | V|, or I, of the back-projected
image distribution. These methods do not require
data from multiple image regions, and the ‘image
region’ for which results are shown here is the whole
image. Minimizing |V| in order to estimate surface
orientation was originally described in Gérding
(1991), although the method used to minimize |V|
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Table 2. Results for the MLA2 method

figure result (P,Q) error/deg.
1 —0.294, 0.789 0.294
2 —0.330, 0.766 2.143
3 0.158, 1.640 26.709
4 —0.380, 1.173 11.072
5 —0.294, 0.773 0.646
6 0.144, 1.670 26.751
7 0.540, 0.324 44.473
8 0.616, 0.570 41.681

here is substantially different from that used by
Gérding.

In the case of an isotropic texture and a single image
region there are two (P,Q) pairs that minimize | V| and
1, for the same reason that there are two surface circles
that could have generated any image ellipse. These
two solutions are symmetric, so that having found one
solution, the other is easy to locate. The second
solution differs from the first only inasmuch as the
direction of tilt associated with it has a different sign.
We refer to methods which minimize / and |V | as the
minimal local anisotropy (MrA) methods. MLA]l mini-
mizes I, and MLA2 minimizes |V|.

For both methods the estimated surface tangent
distribution is obtained by back-projecting image
edges onto the estimated surface, as described in
Appendix 2. The quantities / and |V| are computed
by using this discrete version of equations (3) and (4),
respectively. The final solutions are found by minimiz-
ing |V] (I) with respect to (P,Q).

It has been demonstrated in (Garding 1991; Stone
1991) that surface orientation parameters that mini-
mize |V| and I (respectively) provide accurate esti-
mates for isotropic textures. Note that, even though
these methods assume perspective projection, they
require image data from, and provide two surface
orientation estimates for, each image region analysed.
These methods sit squarely in the Witkin (value-
seeking) framework, in that they require a particular
type of tangent distribution to be present on a surface,
and do not take account of any invariances on the
surface (such as textural density).

Results for the MmLA2 method are shown in table 2.
Results for MLAl are similar to those for MLA2 and are
not shown. As expected the MLA2 method performs
well on isotropic textures (figures 1, 2 and 5), even if
these textures are not homogeneous (see figure 5).

Table 3. Results for the Mca2 method

figure result (P,Q) crror/deg.
1 —0.282, 0.787 0.214
2 —0.318, 0.731 2.630
3 0.192, 1.660 27.570
4 —0.411, 1.252 12.895
5 —0.292, 0.794 0.256
6 0.222, 1.726 28.765
7 —0.583, —1.365 87.751
8 —1.184, —1.487 86.570

Phil. Trans. R. Soc. Lond. B (1993)
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(ii) Isotropy and the mcA methods

A unique solution for isotropic textures can be
obtained under perspective projection by making use
of data from multiple image regions. This is achieved
by measuring the degree of anisotropy associated with
each of a number of image regions r..7, and then
finding those surface orientation parameters that
minimize the total anisotropy over the corresponding
set of surface regions. This strategy can be imple-
mented using [ or | V| as a measure of anisotropy. If
we use / then minimizing:

n
EI = Z [z 5 (5)
i=1
yields an estimate of the surface orientation. Each 7 is
associated with a different region R;. The method that
minimizes equation (5) is called mcal. Alternatively,
if we use | V| then minimizing:

n
Ev = X7, (6)

iz
yields an estimate of the surface orientation. The
method that minimizes equation (6) is called Mca2.
These methods minimize the total anisotropy over a
number of surface regions, and are referred to as the
minimal global anisotropy (Mca) methods. Minimiz-
ing equation (6) forces each region to have the same
estimated surface orientation as all of the other
regions. For non-planar surfaces it is possible to
regularize (6) by introducing a smoothing term, and
allowing degrees of surface smoothness to be ‘traded’
for degrees of textural anisotropy. However, for the
planar surfaces considered here this is not necessary.

The mca methods make use of more than one
instance of a tangent distribution so that it might be
expected that these methods provide a more accurate
estimate of surface orientation than the Mmra methods.
Additionally, the Mmca methods ‘trade off” estimated
amounts of anisotropy in one surface region with
amounts of anisotropy in another surface region.
These methods are therefore likely to produce differ-
ent results from those obtained by simply minimizing
anisotropy for a single surface region. Note that, even
though these methods use data from more than one
region, this is done in order to find a minimally
anisotropic surface texture, and not because these
methods make use of any invariance of the surface
texture.

Results for method McA2 are shown in table 3.
Results for mcal are similar to those for mga2 and are
not shown here. Results for the isotropic texture of
figure 1 are similar to result using the MLA2 method.
Like the MLA2 method, the Mca methods perform well
only on the isotropic texture of figures 1, 2 and 5.

3. METRICS OF TEXTURAL INVARIANCE

The methods described so far do not assume that the
surface texture is invariant, but only that it is
isotropic. These methods are not the invariance-
seeking mechanisms implied by Gibson. Rather, they
are mechanisms which depend on the presence of a
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known (isotropic) texture. In this section we introduce
methods which depend only on the presence of
particular types of invariances on a surface.

The basic strategy is as follows. Define a metric M
(e.g. textural density, the Mv of a tangent distribution)
such that measures, Ty= To=..T,, of M can reason-
ably be expected to be invariant on a textured surface.
Define a set r1..7, of image regions. This set of regions
defines a corresponding set R;..R, of surface regions.
For a given estimate (P’,Q") of the surface orientation
(P,Q) we can then compute an estimate 7'/ of the
actual surface quantity 7 associated with each R;.
Each T7is computed from the back-projected texture
of an image region r;. The surface orientation is then
given by those surface orientation parameter valves
which make elements of the set 7'/.. T, equal to each
other.

This strategy is implemented for all remaining
methods (except Aloimonos’ method) described in this
paper as follows. The image is divided into a number
of square image regions (see Appendix 3). Given a
current estimate of (P,Q), data from each region is
back-projected onto the estimated surface (see Appen-
dix 2). The back-projected data from each image
region is used to construct an edge-orientaton histo-
gram (tangent distribution) for that surface region.
This tangent distribution represents the discrete ana-
logue of F(a), and can be used to compute other
statistics associated with the local surface tangent
distribution. These statistics contribute to the cost-
function associated with a given method, allowing the
current estimate of (P,Q) to be evaluated in terms of
this cost-function.

A standard method which assumes textural invari-
ance (homogeneity) is described in (Aloimonos
1988)). Results for this method (see table 5) provide a
baseline for the invariance-seeking class of methods
described in the rest of this paper. This method
depends only on an assumption of textural homoge-
neity, as indexed by the mean deviation|| in the
estimated surface texture density associated with a set
of image regionsY. The method used to find surface
orientation parameters which minimise the mean
deviation of the surface texture density is the ‘amoeba’
method described in (Nelder & Mead 1965). Aloimo-
nos’ method differs from that described in the previous
paragraph in two respects only. First, the tangent
distribution for a given region is not required. Second,
a method for estimating the surface area associated
with each image region is required in order to
compute the local texture density on the surface (see
Aloimonos 1988). As expected, the method of Aloimo-
nos gives inaccurate results only for surface textures
that are not homogeneous (figures 5, 6 and 8).

(a) Homotropy
We define homotropy to provide a measure of the

|| The definition of mean deviation used in this paper is

n

(I/n)z abs (¥ — x;),

i1
where x is the estimated surface texture density, for example.

4/ Sce Appendix 3 for a description of how these regions are defined.
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variability in the shapes and principal orientations of
a set of tangent distributions. However, before provid-
ing a definition of homotropy it is necessary to define
the shape and principal orientation of a tangent
distribution. The shape of a distribution in polar
coordinates is given by the closed curve described by F
between 0 and 2n. The principal orientation of a
tangent distribution is the orientation of maximum
variation in F (in polar coordinates). It is the
orientation of the longest eigenvector of the covari-
ance matrix of the locus of points defined by F. This
can be visualized by fitting an ellipse to F in polar
coordinates, and identifying the orientation of the
major axis of the ellipse. The principal orientation is
not defined only for isotropic textures, because the
corresponding fitted ellipses are circles.

If tangent distributions have the same shape and
principal orientation (but are not necessarily iso-
tropic) everywhere on a surface then there exist
surface orientation parameters for which the back-
projection of a set of image regions minimizes a
measure of variability (of shape and principal orien-
tation) over the corresponding set of surface tangent
distributions. If the tangent distributions associated
with a set of surface regions all have the same shape
and share a common principal orientation then the
texture is homotropic. One measure of the degree of
inhomotropy of a set of distributions can be defined in
terms of the mean vectors of that set. If a texture is
homotropic then Vi=Vy=..V, for any set R;..R, of
surface regions, where V; is the Mv associated with
region R;.

Note that it is possible for V to be the same
everywhere on a textured surface, but for the shape of
the associated tangent distributions to vary.

(i) Homotropic textures and value-seeking methods

The perspective images of homotropic, anisotropic
textures are shown in figures 3, 4 and 6 (figures 1-6
are all homotropic, but only figures 3, 4 and 6 are also
anisotropic). Clearly, attempts to analyse an image of
this type of texture using Witkin’s strategy, or the MLA
methods, will fail. They will fail because each of these
methods attempts to find surface parameter values
which back-project the image tangent distribution to
an isotropic surface distribution. A similar argument
exists for the Mmca methods, which attempt to minimize
the summed degree of anisotropy (as indexed by 7) of
a set of back-projected tangent distributions. The
degree to which these methods fail is a positive

Table 4. Results for Aloimonos’ method

figure result (P,Q) crror/deg.
1 —0.276, 0.813 1.054
2 -0.338, 0.772 2.349
3 —0.289, 0.799 0.376
4 —0.420, 0.693 7.200
5 0.753, 0.397 50.205
6 0.871, 0.398 53.936
7 —0.297, 0.791 0.404
8 0.759, —0.002 61.526
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function of the degree of anisotropy of the surface
texture.

Note that, if the degree of surface anisotropy is
known, then these methods can be made to work by
minimizing the difference between the degree of
anisotropy of the back-projected tangent distribution
and the known degree of anisotropy of the surface
texture. However, such knowledge is not usually
available, and methods which embody more general
assumptions (as described next) can be used in these
cases.

(iii) Homotropic textures and the rrp method

By extending the strategies associated with homoge-
neity and the global analysis of texture (e.g. Aloimo-
nos 1988) to deal with quantities that are usually
associated with the local analysis of texture (e.g.
tangent distribution) we can obtain exact solutions for
homotropic (and even non-homotropic) surface tex-
tures. If a surface texture is homotropic then the mvs
of surface regions are identical (the converse does not,
in general, hold). Therefore surface orientation para-
meter values that make all of the estimated mean
surface vectors identical provide an estimate of surface
orientation. It is unrealistic to expect the MV asso-
clated with each surface region to be identical to all
other Mvs, so that a metric of the variability of the
estimated Mvs is required. Minimizing such a metric
provides a ‘best’ estimate of surface orientation. We
define the metric of variability of a set of Mvs as the total
distance of all mvs from the average vector of the set:

E— S|P V. (7)

i=1

Where each V; is associated with a surface region R;.
This method minimizes a measure of the variability in
the set of surface tangent distributions, and is referred
to as the invariant tangent distribution (1Tp) method.

The performance of this method, which is based on
the assumption of an invariance (homotropy) of the
surface texture, cannot (in general) be equaled by
methods that depend only on the local analysis of
textures which are assumed to be isotropic.

Even though the 17D method depends on the
presence of an invariance on the surface, that invari-
ance is defined with respect to the local tangent
distribution. Thus, unlike other methods that depend
on a textural invariance (e.g. Aloimonos 1988; Kana-
tani & Chou 1989), the particular invariance required
is not defined in terms of the density of the surface
texture. It is therefore possible to analyse textured
surfaces that are neither isotropic nor homogeneous.

Results for the rTp method are shown in table 5. As
expected the method works well for all textures which
are homotropic (figure 1-6), even if they are not
homogeneous. This is because the estimated tangent
distributions are normalized so that (0<|V|<1),
irrespective of the local density of texture. In this
respect the 1D method is at odds with human
perceptions of these images. The non-homogeneous,
homotropic texture of figure 6 does not give a
compelling impression of a planar surface. It is as if
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the 1D method, in order to correctly estimate the
orientation of the surface in figure 6, invokes assump-
tions about the surface texture that human observers
do not.

The large errors for figures 7 and 8 are not
surprising given that this method relies on an assump-
tion of homotropy, whereas the textures shown in
these figures are only weakly homotropic (defined in
the next sub-section). That is, the 1Tp method assumes
that the tangent distributions in a given image have
the same shape and principal orientation, whereas the
tangent distributions of textures shown in figures 7
and 8 have invariant shapes, but not invariant
principal orientations. Not only are the principal
orientations variable, they vary systematically across
each image so that they appear to mimic a pattern of
principal orientations which would be generated by a
curved surface. Therefore it is not surprising that a
method (such as 1tp) which relies on the invariance of
the principal orientation of local tangent distributions
performs poorly on such images.

With the 1Tp method we have demonstrated a
method that produces unintuitive results, inasmuch as
this method provides accurate estimates of surfaces
which human observers see as being curved. More-
over, these estimates are associated with minimal
values for E, (where x specifies a method), implying
that the data are consistent with planar surfaces, and
not just that these methods give good results only
because they assume planarity; that is, methods which
attempted to fit these data to a curved surface model
would have to violate the minimal assumptions upon
which the methods presented here are based.

(b) Weak homotropy

We can further weaken constraints associated with
a texture by specifying that only the shape of polar
plots (not necessarily the principal orientations) of a
set of tangent distributions is invariant. We define
such a texture to be weakly homotropic. Weakly
homotropic textures are shown in figures 7-8. It is
worth reminding the reader that if a texture is
homogeneous then we do not have to rely on the
rather minimal assumption of weak homotropy in
order to recover surface orientation. Thus Aloimonos’
methods provides an accurate result for the homo-
geneous, weakly homotropic texture of figure 7, but
not the inhomogeneous, weakly homotropic texture of
figure 8.

Table 5. Results for the rrp method

figure result (P,Q) crror/deg.
1 —0.280, 0.796 0.430
2 —0.297, 1.039 7.757
3 —0.295, 0.823 1.190
4 0.311, 0.892 3.415
5 —-0.291, 0.793 0.202
6 —0.370, 0.511 12.106
7 0.771, —1.724 101.997
8 0.906, —1.488 99.503
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Table 6. Results for the tMmTD-MV method

figure result (P,Q) crror/deg.
1 —0.307, 0.825 1.393

2 —0.224, 0.958 6.471

3 —0.316, 0.783 1.30

4 —0.449, 0.988 7.957

5 —0.455, 0.845 6.730

6 —0.576, 0.797 11.541

7 —0.276, 0.909 4.097

8 —0.264, 0.905 4.155

(1) Weakly homotropic textures and the marp methods

Both methods described here depend on the invari-
ance of measures of the moments of tangent distribu-
tions, and are thus referred to as invariant moment of
tangent distribution (IMTD) methods.

An estimate of surface orientation can be obtained
by minimizing the mean deviation in the estimated
lengths of surface mvs:

n
By = (1n) 3. abs (V] = Vi), (8)
i=
Where each V;is associated with an image region. The
method which minimizes this function is called the
mMTD-Mv method. An estimate of surface orientation
may also be obtained by minimizing the mean
deviation in the estimated /s of a set of tangent
distributions:

n
Ey = (1n) Y. abs (T L). (9)
i=1

The method that minimizes E; is called the mMTD-1
method. Results for the muTD-Mv method are shown in
table 6. Results not reported here (and results for
images similar to those in figures 1-8 reported in
Stone (1991)) suggest that the performances of the
mTp-Mv and MTD-T methods are similar. The assump-
tion of weak homotropy ensures that the mTD-MV
method works well on all of the textures shown. Once
more note that the iMTp methods rely on the invari-
ance of a surface quantity, rather than on the
assumption of a known surface quantity.

Finally, we have not included a method which
follows logically from the ordering of methods des-
cribed so far. This is a method that assumes only that
the principal orientation of surface tangent distribu-
tions is invariant. This method (the invariant princi-
pal orientations (1po) method) was implemented, but
was found not to be effective for the types of textures
shown here.

4. DISCUSSION

Throughout this paper we have attempted to draw a
strong distinction between two classes of methods. The
value-seeking methods assume a known quantity (e.g.
minimal degree of anisotropy) on the surface, whereas
the invariance-seeking methods assume only that there
is an invariant quantity (e.g. texture density) on the
surface.

Methods which require that the value of a surface
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metric is known are likely to prove less general than
methods which require only that the value of a surface
metric is invariant. For instance, the assumption of
isotropy can be used to obtain accurate estimates of
surface orientation only if a surface texture is isotropic.
In contrast, the assumption of homotropy can be used
for textures on which the shape and orientation of the
local tangent distribution is invariant with respect to
position, irrespective of the form of the local tangent
distribution. We propose that invariance-seeking
methods are likely to provide more plausible models of
human perceptual processes than the more conven-
tional value-seeking methods.

Characterizing a method as invariance-seeking or
value-seeking does not predict its behaviour for tex-
tures that violate the assumptions on which the
method is based. Thus, some methods fail gracefully,
and others do not fail so gracefully, when their
assumptions are violated. In this paper we have
attempted to demonstrate methods which work well
on textures which are consistent with the methods’
assumptions, and how such miethods fail when pre-
sented with textures which violate their assumptions.

An intriguing side-effect of this work has been to
generate images which appear to depict non-planar
surfaces, even though certain statistics of the surface
texture are known to be consistent with planarity. In
particular, in figure 8, the changing orientation of the
local surface tangent distribution gives a strong
impression of a curved surface. In contrast, the
anisotropic, but fixed, in-plane orientation of the local
surface tangent distribution of figure 3 gives an
impression of a planar surface. This implies that, if the
in-plane orientation of a planar surface tangent
distribution is changing, then human observers tend
to see a curved surface. This, in turn, suggests that
homotropy is assumed by the visual system. These
observations, whilst plausible, are only speculative,
because we are not aware of published work specifi-
cally on the effects of anisotropy on the perception of
perspective images of textured surfaces.

5. CONCLUSION

We have demonstrated that it is possible to obtain
accurate estimates of surface orientation for textures
that are neither homogeneous nor isotropic. More-
over, we have demonstrated a set of methods that are
more general than those which depend only on
assumptions of homogeneity (Aloimonos 1988; Kana-
tani & Chou 1989), isotropy (Witkin 1981), or weak
isotropy (Garding 1991).

Future work will apply these techniques to images
of real surfaces using the adaptive filtering technique
described in (Stone 1990, 1991; Stone & Isard 1993).
Additionally we intend to use local analysis to obtain
initial estimates of surface orientations for a curved
surface, and then to use an invariance-seeking strategy
to iteratively update these estimates, with continuity
constraints on the estimates of adjacent image regions.
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APPENDIX 1. THE COORDINATE SYSTEM

The image (x,9) and the world (X,Y,Z) coordinate
system share a common origin, with the x and y axes
being parallel to the X and Y axes, respectively. The
Z-axis points away from the viewer. This defines a
left-handed coordinate system. The central axis of the
imaging system in the Z-axis. The focal point is at the
origin, and the image plane is Z=1, which defines a
focal length / of unit length.

The orientation of a plane is defined in terms of the
gradient space parameters:

P=—(0ZJ0X), (10)
Q=—(0Z]0Y). (11)

The surface normal of a plane has direction (P,Q,1).
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The pair (P,Q) defines a set of parallel planes:
—Z=PX+QY-K, (12)

where K is a constant, the value of which defines a
single plane.

Using perspective projection with f=1, a point
(X,Y,Z) on a plane projects to a point (x,y) in the
image:

x=X|Z, (13)
y=Y|Z. (14)

APPENDIX 2. ESTIMATING A SURFACE
TANGENT DISTRIBUTION

For a given estimate (£,Q) of surface orientation the
surface tangent distribution of a given surface region is
required. Each surface region is the back-projection of
a corresponding square image region. The surface
tangent distribution is computed by back-projecting
each line in the image region to a line in the
corresponding surface region. The estimated length
and orientation of the surface line are also computed.
Having estimated the length and orientation of every
line in a given surface region it is then a simple matter
to construct an edge orientation histogram of these
surface lines. This edge orientation histogram is the
discrete version of the tangent distribution.

Note: in the simulations for which results are shown
here the orientations of surface lines were quantized
into 20° bins. The image region sizes were 120 x 120
pixels.

Define a line mapping function /mf which maps an
image length s; with tangent f to a corresponding
surface length S;:

Si:lmf<anyOaPaQ>ﬂryi)° (15)
It can be shown (Stone 1990, 1991) that:

i

= J(KIW) (Quusin () — cos (B)(1 -+ Quo))* +
(sin (B) (1 + Pxo) — Pyocos (B))* +

(Peos (B) + Qsin (6))?)'%ds.  (16)

Where W = (1 + Pxo + Qyo + s (Pcos () + Qsin (B))%
Where (xy,5) is the image position of one end
of the ‘line’ being measured, and P = — (0Z/0),
Q = — (0Z/0Y).
The corresponding orientation o of the surface line

may be obtained from a tangent mapping function m/
defined as:

o= tmf<x0>yO:PaQaﬁ)~ <17)

This is evaluated as follows. The orthogonal projec-
tion of a surface tangent at (X,Y,Z) with orientation a
onto a front-parallel plane yields 7' = dY/dX. The
projection of the tangent 7 into the image then yields
the image tangent tan (f).

Combining these transformations, it can be shown
(Stone 1991) that:

tan (o) = tan (arctan(7") — 1) cos (o). (18)


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Shape from local and global analysis of texture

Where 7 is the tilt (arctan (P/Q)), and ¢ is the slant
(arctan ((P? + @2)'?)) of the surface, and

T =dY/dX

(1 + Px)tan (f) — Py)
(1 + Qy) — Qxtan (f))

APPENDIX 3. IMPLEMENTATION DETAILS

For all methods described in this paper we use a
general search technique, the ‘amoeba simplex’, des-
ribed in (Nelder & Mead 1965) to find that set of
orientation parameters (P,Q) which minimizes a given
cost-function (£,).

FEach image has unit area and the focal length is
unity. The regions used to obtain image data are
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defined by a grid. Each element of this grid has
area = 0.166 x 0.166. To increase the number of
regions a second set of regions is defined by shifting the
first grid by (0.166/2,0.166/2). For this second set,
regions which do not fall entirely within the image are
discarded. The set of regions referred to in this paper
consists of both the first and (smaller) second set
defined here.

All lines in textures consisting of line segments have
the same length on the surface. Textures consisting of
circles and ellipses are represented as individual line
segments. Each circle or ellipse was synthesized as 36
line segments. The surface orientation of all surfaces
shown here is (P,Q) = ( — 0.287,0.789).
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