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Preface

Graphical queries for the purpose of searching for pictorial information are of
growing interest in areas where pictures provide valuable information, including,
for instance, design, architecture, and engineering. Sketching graphical queries
is a natural way of revealing the visual appearance of objects one has in mind.
The problem which arises is identifying necessary shape properties of sketches,
that is, those properties which are not accidental but are necessary for specifying
a particular object property. This problem arises in particular because sketches
are imprecise, and often distorted by the artistic limitations of the sketcher.

From the theoretical point of view the concept of pictorial space applies. In
this context, new concepts are required, in particular for dealing with impre-
cise shape information in the plane. Taking into account constraints imposed
by pictorial space, a relation algebra of intersection-free relations is proposed,
which allows reasoning about qualitative line arrangements in the plane. The
theory is further developed for characterising polygons, by deriving a number of
qualitative properties which aid in describing polygons qualitatively. Applying
this theory, only line arrangements which are both readily sketched and easily
perceivable are considered to be different. The notion of positional-contrast is
introduced, which points out that the particular arrangements of line segments,
i.e. their positions relative to each other, provide an expressive means of char-
acterising necessary shape properties. The method developed in this work is
applied in using graphical queries to search for historical objects. Specifying
objects graphically, it is shown that the new method is capable of dealing with
imprecise sketches by describing necessary shape properties using qualitative
line arrangements, i.e. by taking into account positional-contrast.

Overall, the investigations which are carried out in this work pertain to the
field of knowledge representation in artificial intelligence. The representation
developed here sticks to ideas developed in the field of qualitative spatial rea-
soning — one of its principal goals being the representation of commonsense
knowledge about the physical world. As is common practice in this field, knowl-
edge about the domain in hand is made explicit in order to arrive at efficient
reasoning methods. Here, we confine ourselves to a representation of shape in-
formation and make explicit knowledge about our object of research, namely
about imprecise shape information in picture space.



Contents

I Introduction 1

1 Sketches 3
1.1 Necessary versus accidental properties . . . . . . . . . . . . . . . 4
1.2 Perceptually aided distinctions . . . . . . . . . . . . . . . . . . . 7
1.3 Methodological notes . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2 The imprecision of sketches 13
2.1 Characterising sketches . . . . . . . . . . . . . . . . . . . . . . . 13

2.1.1 Shapes in sketches . . . . . . . . . . . . . . . . . . . . . . 13
2.1.2 Electronic sketching . . . . . . . . . . . . . . . . . . . . . 15
2.1.3 The imprecision of sketches . . . . . . . . . . . . . . . . . 17
2.1.4 Straightening away imprecision . . . . . . . . . . . . . . . 20

2.2 Imprecise spatial information . . . . . . . . . . . . . . . . . . . . 22
2.2.1 Levels of spatial precision . . . . . . . . . . . . . . . . . . 22
2.2.2 Qualitative spatial representations . . . . . . . . . . . . . 25
2.2.3 Summarising spatial representations . . . . . . . . . . . . 37

2.3 Object of research . . . . . . . . . . . . . . . . . . . . . . . . . . 39

II Theory 41

3 Qualitative line arrangements 43
3.1 Bipartite arrangements . . . . . . . . . . . . . . . . . . . . . . . . 44

3.1.1 Reference system . . . . . . . . . . . . . . . . . . . . . . . 45
3.1.2 Position versus orientation . . . . . . . . . . . . . . . . . . 50
3.1.3 Omitting singularities and intersections . . . . . . . . . . 52

3.2 Disconnected arrangements . . . . . . . . . . . . . . . . . . . . . 53
3.2.1 N-partite arrangements . . . . . . . . . . . . . . . . . . . 57
3.2.2 A relation algebra on line arrangements . . . . . . . . . . 59
3.2.3 Dealing with singularities and intersections . . . . . . . . 70



x CONTENTS

4 Characterising polygons qualitatively 75
4.1 Local orientation . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.1.1 Bipartite line tracks . . . . . . . . . . . . . . . . . . . . . 77
4.1.2 Tripartite line tracks . . . . . . . . . . . . . . . . . . . . . 84
4.1.3 Comparing bipartite and tripartite line tracks . . . . . . . 89

4.2 Global orientation . . . . . . . . . . . . . . . . . . . . . . . . . . 93
4.2.1 BA23-courses . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.2.2 Global properties . . . . . . . . . . . . . . . . . . . . . . . 110
4.2.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

4.3 Combining local and global orientation . . . . . . . . . . . . . . . 122
4.3.1 Convex arcs . . . . . . . . . . . . . . . . . . . . . . . . . . 123
4.3.2 Convex shapes . . . . . . . . . . . . . . . . . . . . . . . . 125
4.3.3 Concave shapes . . . . . . . . . . . . . . . . . . . . . . . . 128

III Evaluation 133

5 Applying qualitative line arrangements 135
5.1 The Bamberger wax apples . . . . . . . . . . . . . . . . . . . . . 136
5.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

5.2.1 Performance measure . . . . . . . . . . . . . . . . . . . . 138
5.2.2 A qualitative approach . . . . . . . . . . . . . . . . . . . . 140
5.2.3 A quantitative approach . . . . . . . . . . . . . . . . . . . 141
5.2.4 Comparing performances . . . . . . . . . . . . . . . . . . 142

5.3 A retrieval experiment . . . . . . . . . . . . . . . . . . . . . . . . 142
5.3.1 Image collection . . . . . . . . . . . . . . . . . . . . . . . 142
5.3.2 Query-sketches . . . . . . . . . . . . . . . . . . . . . . . . 145
5.3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
5.3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

6 Positional-contrast 157
6.1 Ease of sketching . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
6.2 Geometrical classification . . . . . . . . . . . . . . . . . . . . . . 159
6.3 Applications beyond sketching . . . . . . . . . . . . . . . . . . . 160

IV Appendices 163

A Bertuch-collection 165

B Queries and reference sets 193

Bibliography 209



List of Figures

1.1 A sketch and an object with some similarities to the sketch . . . 4
1.2 Drawing of a woman after a painting by Pablo Picasso: War and

Peace (1952), Picasso Museum of Barcelona, Spain . . . . . . . . 5
1.3 Drawings of a bull after paintings by Pablo Picasso: Le Taureau

(1945/1946), The Museum of Modern Arts, New York, USA . . . 6
1.4 Two sketched query objects . . . . . . . . . . . . . . . . . . . . . 8

2.1 Visual illusions: variation of the Müller-Lyer illusion (left); Ponzo
figure (middle); horizontal-vertical illusion (right) — compare the
grey lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2 Subjects attempted to approximate the closed figure with a pat-
tern of 10 dots. Radiating bars indicate the relative frequency
with which various portions of the outline were represented by
dots chosen — Figure 2 in Attneave (1954) . . . . . . . . . . . . 20

2.3 Attneave’s cat, Fred Attneave (1954) . . . . . . . . . . . . . . . . 21
2.4 Equality at different spatial levels . . . . . . . . . . . . . . . . . . 24
2.5 Eight topological relationships between two regions . . . . . . . . 27
2.6 Detailed topological relations from Egenhofer (1997) . . . . . . . 28
2.7 Left: A shape and its convex hull; Right: Hierarchical shape

description — from Cohn (1995) . . . . . . . . . . . . . . . . . . 29
2.8 Two topologically equivalent, but rather different-looking figures;

corresponding regions are labelled by the same letter . . . . . . . 29
2.9 Allen’s thirteen one-dimensional interval relations . . . . . . . . . 30
2.10 The thirteen Allen relations arranged in conceptual neighbour-

hood structures. Left: A-Neighbours, Middle: B-Neighbours,
Right: C-Neighbours . . . . . . . . . . . . . . . . . . . . . . . . 31

2.11 Structure integrating topological relations and orientation infor-
mation — from Hernandez (1992) . . . . . . . . . . . . . . . . . . 32

2.12 The two-dimensional orientation grid distinguishes fifteen positions 32
2.13 The outline of a shape and the description of its boundary parts

— from Galton et al. (1999) . . . . . . . . . . . . . . . . . . . . . 33
2.14 Some distinguishable polygons — from Jungert (1993) . . . . . . 34
2.15 Polygonal regions described by configurations of landmarks —

from Schlieder (1996) . . . . . . . . . . . . . . . . . . . . . . . . . 35



xii LIST OF FIGURES

2.16 Changing ordering information between vertices changes the un-
derlying shape — from Schlieder (1996) . . . . . . . . . . . . . . 36

2.17 These two bipartite line arrangements are not distinguishable us-
ing the approach of Schlieder (1995b) . . . . . . . . . . . . . . . 36

2.18 These three bipartite line arrangements are not distinguishable by
the dipole approach of Moratz et al. (2000) — each arrangement
is characterised by A rrll B . . . . . . . . . . . . . . . . . . . . . 37

3.1 Allen’s thirteen one-dimensional interval relations . . . . . . . . . 44
3.2 Left: Allen’s thirteen one-dimensional interval relations; Right:

Further variations are possible in the two-dimensional plane . . . 45
3.3 Two pairs of more or less equal bipartite arrangements . . . . . . 46
3.4 The one-dimensional reference system distinguishes five positions 46
3.5 The two-dimensional reference system distinguishes fifteen posi-

tions; the reference interval has been drawn continuously — on
the right hand side it has been rotated by 90◦ so that the left and
right of the reference system corresponds to the left and right in
the picture plane . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.6 There are 225 possible two-dimensional bipartite arrangements
if the two endpoints of the two intervals are distinguishable; the
bulky points denote singular positions of the endpoints of the
primary interval which lie on the reference system . . . . . . . . 49

3.7 Left: the orientation of the primary interval can be changed only
within a range of less than 90◦; Right: the primary interval can
be oriented arbitrarily . . . . . . . . . . . . . . . . . . . . . . . . 51

3.8 (a) The two-dimensional reference system distinguishes fifteen
positions — the reference interval runs from point 13 to point 15;
(b) as for the locations different orientations are defined taking a
resolution of 90◦ angles . . . . . . . . . . . . . . . . . . . . . . . 51

3.9 These two bipartite line arrangements (both primary intervals
pointing to direction 1 (see Figure 3.8)) can be distinguished by
BA, but not by either Schlieder (1995) or Moratz et al. (2000) . 52

3.10 Left: Interval relations embedded in two dimensions; the verti-
cal reference interval is displayed bold. Right: The mnemonic
depiction of the interval relations . . . . . . . . . . . . . . . . . . 54

3.11 The 125 relations of BA8
23 . . . . . . . . . . . . . . . . . . . . . . 55

3.12 The 113 general relations of BA8
23 . . . . . . . . . . . . . . . . . 56

3.13 Examples for the iconic depiction of sets of relations . . . . . . . 57
3.14 Example for the converse relation . . . . . . . . . . . . . . . . . . 59
3.15 Example for the composition operation: given xy = FFl

m and
yz = Fm there exist six possible arrangements for xz . . . . . . . 60

3.16 Converse relations: given xy in the upper row, yx is derived de-
pending on the orientation of y with respect to x which deter-
mines the row; the orientation and the change in orientation is
given in the first column . . . . . . . . . . . . . . . . . . . . . . . 61

3.17 Converse relations — continued . . . . . . . . . . . . . . . . . . . 62



LIST OF FIGURES xiii

3.18 Given xφ
y and yφ

z possible orientations for xφ
z are derived . . . . . 63

3.19 Composition table — part 1 . . . . . . . . . . . . . . . . . . . . . 66
3.20 Composition table — part 1 continued . . . . . . . . . . . . . . . 67
3.21 Composition table — part 2 . . . . . . . . . . . . . . . . . . . . . 68
3.22 Composition table — part 2 continued . . . . . . . . . . . . . . . 69
3.23 Singular relations defined by sets of general relations . . . . . . . 70
3.24 Transitivity with a singular relation (left), and without any sin-

gularity (right) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.25 How many line segments are there? . . . . . . . . . . . . . . . . . 72
3.26 Defining coincidence by BA8

23: on the left y is in relation Fm

with respect to x but oriented differently; in the middle y is not
in relation Fm but is oriented identically to x, and on the right y
is again in relation Fm with respect to x and additionally x and
y have the same orientation . . . . . . . . . . . . . . . . . . . . . 73

4.1 A reference line and resulting orientation grid . . . . . . . . . . . 77
4.2 Six distinguishable classes of bipartite line tracks; as indicated by

the BA-number, these line tracks correspond to special bipartite
arrangements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.3 Two adjacent lines pj − pj+1 and pj+1 − pj+2 and the dotted
projection lines — from (Jungert, 1993) . . . . . . . . . . . . . . 78

4.4 Example polygon described (anticlockwise) by bipartite line tracks 79
4.5 Neighbourhood graph of the BLT -relations . . . . . . . . . . . . 80
4.6 Singular bipartite line tracks . . . . . . . . . . . . . . . . . . . . 81
4.7 Two different polygons not distinguishable by BLT 3 . . . . . . . 82
4.8 Simple convex quadrilaterals described by BLT 2 arranged in a

neighbourhood graph; the anticlockwise encoding starts always
with the bottom line . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.9 A line track (AB,BC,CD) which consists of three connected lines 84
4.10 36 distinguishable classes of oriented line track arrangements with

three connected lines . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.11 Twelve equivalence classes distinguished by tripartite line tracks 85
4.12 Left: the conceptual neighbourhood graph; Right: example in-

stances; the numbers refer to the T LT 12 relations . . . . . . . . 86
4.13 Upper row: all singular tripartite line tracks where both sidelines

are in singular position; Lower row: the construction of T LT (13-
8-14) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.14 Example polygon described (anticlockwise) by tripartite line tracks 87
4.15 Six primitives distinguished by T LT 6 arranged in a neighbour-

hood graph . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.16 16 oriented classes of line track arrangements with three con-

nected lines; the medial line is oriented from left to right, the
internal region is on the left of the medial line (i.e. above it, in
the diagram) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88



xiv LIST OF FIGURES

4.17 The comparison of BLT 6 and T LT 36; on the left of the equiva-
lence sign is the T LT 36 number, on the right the BLT 6 number;
the BLT 6 description starts with the sideline which is connected
to the left-hand end of the medial line . . . . . . . . . . . . . . . 89

4.18 Two different polygons not distinguishable by T LT 36 but which
can be distinguished by BLT 3; for both polygons the relationship
T LT 36(9) holds . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.19 Quadripartite line tracks represented by BLT 2 (left) which com-
prises only six equivalence classes, and by T LT 6 which distin-
guishes 20 classes . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.20 64 quadripartite line tracks distinguished by T LT 12 . . . . . . . 92
4.21 Three examples for T LT 6(14)-contours; above: the shapes frag-

mented into their constitutive T LT s . . . . . . . . . . . . . . . . 93
4.22 Two examples of jagged T LT 6(1)-contours . . . . . . . . . . . . 95
4.23 Two globally very different examples of T LT 6(6)-contours . . . . 95
4.24 Two different polygons . . . . . . . . . . . . . . . . . . . . . . . . 96
4.25 Two different polygons . . . . . . . . . . . . . . . . . . . . . . . . 96
4.26 A line segment defines different qualitative positions which form

the configuration space of courses; for comparison, on the right
hand side is the neighbourhood graph which shows all BA23-
relations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

4.27 The conceptual neighbourhood graph of BA13 . . . . . . . . . . . 101
4.28 Five different polygons describing five different courses of grade

0 with respect to line segment x . . . . . . . . . . . . . . . . . . . 102
4.29 Two different polygons describing the same course with respect

to line segment x . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.30 Circulation directions around a reference line . . . . . . . . . . . 106
4.31 The scope of courses regarding a reference line, all starting by Fl

having the direction r; the black circles indicate which relations
can hold in the respective scope . . . . . . . . . . . . . . . . . . . 108

4.32 A subset of the neighbourhood graph of BA23 which contains
only relations which are left of the reference line . . . . . . . . . 110

4.33 Polygons without reversals from the point of view of x . . . . . . 115
4.34 Polygons with reversals . . . . . . . . . . . . . . . . . . . . . . . 115
4.35 A shape with a right-wing oriented bend . . . . . . . . . . . . . . 116
4.36 Two polygons which are locally equal since they are only made

up by T LT 6(6)-relations, but have differing global properties . . 119
4.37 Two examples for T LT 6(14)-contours . . . . . . . . . . . . . . . 122
4.38 Three left-wing oriented bends . . . . . . . . . . . . . . . . . . . 123
4.39 Two convex arcs . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
4.40 Four convex arcs belonging to two different classes . . . . . . . . 125
4.41 An asymmetric convex arc . . . . . . . . . . . . . . . . . . . . . . 126
4.42 Matrices of convex arcs which are made up of four line segments

— all possible variations from the point of view of the first line
segment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

4.43 A polygonal circle and an ellipsoidal shape . . . . . . . . . . . . . 127



LIST OF FIGURES xv

4.44 Similar concave shapes; Fig. 4 from (Galton and Meathrel, 1999) 128
4.45 The polygonal approximations of the shapes of Figure 4.44 . . . 129
4.46 The difference between the original outlines and their polygonal

approximations, i.e. an overlay of Figure 4.44 and Figure 4.45 . . 129
4.47 The shapes and the arrangements of their notches . . . . . . . . 129

5.1 The pomological cabinet in the Bamberger Naturkundemuseum . 137
5.2 A damaged wax apple — Rother Kronenapfel . . . . . . . . . . . 138
5.3 Examples for hills at the top (left) and dents at the bottom (right)141
5.4 An Italienischer Weisser Rosmarienapfel (left), its contour (mid-

dle), and the contour approximated by a polygon (right) . . . . . 143
5.5 Six sketched queries . . . . . . . . . . . . . . . . . . . . . . . . . 146
5.6 The precision-recall curve for the first query . . . . . . . . . . . . 147
5.7 The precision-recall curve for the first query at a finer granularity

level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
5.8 The precision-recall curve for the first query at a coarser granu-

larity level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
5.9 The precision histogram for the first query, comparing the three

granularity levels with each other . . . . . . . . . . . . . . . . . . 149
5.10 The average precision for all six queries and both the qualitative

approach and the quantitative one . . . . . . . . . . . . . . . . . 149
5.11 The precision-recall curves for all six queries, with the qualitative

result ranked optimally . . . . . . . . . . . . . . . . . . . . . . . 150
5.12 The precision-recall curves for all six queries with the qualitative

result non-optimally ranked . . . . . . . . . . . . . . . . . . . . . 150
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