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Abstract

In the arts and sciences, as well as in our daily lives, symmetry has
made a profound and lasting impact. Likewise, a computational treat-
ment of symmetry and group theory (the ultimate mathematical for-
malization of symmetry) has the potential to play an important role
in computational sciences. Though the term computational symmetry
was formally defined a decade ago by the first author, referring to algo-
rithmic treatment of symmetries, seeking symmetry from digital data
has been attempted for over four decades. Computational symmetry on
real world data turns out to be challenging enough that, after decades
of effort, a fully automated symmetry–savvy system remains elusive for
real world applications. The recent resurging interests in computational
symmetry for computer vision and computer graphics applications have
shown promising results. Recognizing the fundamental relevance and
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potential power that computational symmetry affords, we offer this
survey to the computer vision and computer graphics communities.
This survey provides a succinct summary of the relevant mathemati-
cal theory, a historic perspective of some important symmetry-related
ideas, a partial yet timely report on the state of the arts symmetry
detection algorithms along with its first quantitative benchmark, a
diverse set of real world applications, suggestions for future directions
and a comprehensive reference list.
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1

Introduction

Symmetry is a pervasive phenomenon presenting itself in all forms and
scales in natural and man-made environments, from galaxies to biolog-
ical structures (Figure 1.1), as well as in the arts (Figure 1.2 from the
classic book by Jones [106]). Much of our understanding of the world
is based on the perception and recognition of repeated patterns that
are generalized by the mathematical concept of symmetries [47, 277].
Humans and animals have an innate ability to perceive and take advan-
tage of symmetry in everyday life, but harnessing this powerful insight
for machine intelligence remains an elusive goal for computer science.

In the basic sciences, the understanding of symmetry played a pro-
found role in several important discoveries, including: the theory of rela-
tivity (the discovery of the isometries of Minkowski spacetime under the
Poincaré group, the full symmetry group) [195]; the double helix struc-
ture of DNA (with two-fold rotation symmetry) [275]; the discovery
of quasi-crystals (the first observation of an unusual fivefold symmetry
indicated by diffraction pictures of samples from an alloy of aluminium
and manganese) [247] and their mathematical counterpart Penrose tiles
[209]. It is not a coincidence that all of these symmetry-related discov-
eries led, directly or indirectly, to Nobel prizes — an indication of the
fundamental relevance of symmetry in science.

1
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2 Introduction

Fig. 1.1 The ubiquitous appearance of real world symmetries in nature: from Nebula to the

firing field of grid cells in rats’ brains. The photos from four corners, and bottom-middle,
are courtesy of [182].

Given the evidence of the powerful role of symmetry in the history
of the natural sciences, we hypothesize that computational symmetry,
defined by the first author as using computers to model, analyze, syn-
thesize and manipulate symmetries in digital forms, imagery or other-
wise [152], will likewise play a crucial role in the advancement of our
understanding in artificial/machine intelligence.

In human perception, symmetry is considered a pre-attentive fea-
ture that enhances object recognition [40, 144, 268]. Although humans,
primates, dolphins, birds, and insects have an innate ability to recognize
and use real world symmetries that have been quantitatively docu-
mented [74, 226, 268], the symmetry cue is hardly used in today’s object
recognition, categorization or scene understanding systems due, largely,
to a lack of computational models and available robust algorithms.

In computational science, the development of symmetry detection
algorithms has had a long history. The earliest attempt at an algo-
rithmic treatment of bilateral reflection symmetry detection predates
computer vision itself [18]. In spite of years of effort, we are still short of
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3

Fig. 1.2 Symmetries in art.
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4 Introduction

a robust, widely applicable “symmetry detector” for real images. Fur-
thermore, though an initial effort has been made [33, 203], we have yet
to see a large-scale, systematic, quantitative evaluation and a publicly
available test-image database to gauge the progress in this important,
widely applicable research direction.

Without attempting to cover all published related-work in this sur-
vey, we primarily focus on the theory and techniques that make explicit
use of symmetry groups. Due to a lack of coverage in the literature on
discrete finite and infinite symmetry groups and their relevance to and
impact on computer vision and computer graphics problems, we pay
special attention to these types of algorithms without excluding affine,
perspective, and non-Euclidan geometries. We hope to provide a clear
conceptual roadmap of group theory (Section 2), and its multi-facet
applications in computer vision and computer graphics. In particular,
we hope to achieve these goals:

(1) to de-mystify group theory, discrete and finitely generated
(infinite) groups in particular, using concrete examples from
2D and 3D Euclidean, projective and hyperbolic geometries;

(2) to illustrate the ubiquitous and persistent appearances of
symmetry structures, particularly those associated with dis-
crete symmetry groups, in real world data;

(3) to appreciate the substantial computational challenges as
well as promises in current and future computational sym-
metry research.

1.1 What is symmetry?

From the spirit of the Felix Klein’s Erlangen program [79]: geometry
is the study of a space that is invariant under a given transformation
group, to the Gestalt principles of perception [7]: among others, Laws
of Symmetry, symmetries and group theory play an important role in
describing the geometry and the apperance of an object. Informally,
we may think of symmetry as expressing the notion that a figure or
object is made from multiple copies of the same smaller unit that are
interchangeable somehow. Mathematically, we formalize this notion by
examining the effect of transformations on the object in a certain space

Full text available at: http://dx.doi.org/10.1561/0600000008



1.2 Why is symmetry relevant to computational science? 5

such that its sub-parts coincide (map to each other). The following
quote from Weyl [277] captures the essence of symmetry eloquently:

“Starting from the somewhat vague notion of symme-
try = harmony of proportions, . . . rise to the general
idea . . . of invariance of a configuration of elements
under a group of automorphic transformations.”

More formally, in a metric space M , a symmetry g ∈ G of a set
S ⊆M is an isometry (a distance preserving transformation) that maps
S to itself (an automorphism), g(S) = S. The transformation g keeps S
invariant as a whole while permuting its parts. Symmetries G of S form
a mathematical group {G,∗}, closed under transformation composition
∗, called the symmetry group of S [44].

Group theory provides a level of abstraction that leads to simplic-
ity and completeness in practical algorithm design and execution. In
two-dimensional (2D) Euclidean space, for example, there are four
distinct atomic transformations as primitive symmetries [41, 44, 277]:
translation, rotation, reflection and glide-reflection1 (Figure 1.3).
One somewhat surprising mathematical discovery of a century ago
is the answer to the first part of Hilbert’s 18th problem: there is
only a finite number of symmetry groups for all periodic patterns
in Rn of any n. These groups are referred to as crystallographic
groups [44, 84, 277]. While the number of distinct 1D (frieze) and 2D
(wallpaper) crystallographic groups is finite and relatively small, there
is an infinite number of potential instantiations; some samples can be
observed in Figures 1.1, 1.2 and 1.3.

1.2 Why is symmetry relevant to computational science?

A computational model for symmetry is especially pertinent to com-
puter vision and computer graphics, or machine intelligence in general,

1 Glide-reflection is defined as a symmetry composed of a translation along and a reflection
about the same axis.
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6 Introduction

Fig. 1.3 Sample images of symmetry categorized by their respective ideal symmetry groups:

column (A) cyclic group containing rotation symmetries only, (B) dihedral group (reflec-
tion and rotation), (C) frieze group (translation plus reflection), and (D) wallpaper group

(translation, rotation, reflection and glide-reflection). The top row contains synthetic pat-

terns while the bottom row shows photos of real world scenes (bottom-right is an image of a
transverse slice of skeletal muscle magnified with a transmitter microscope 800,000 times).

because of its

• ubiquitousness: both the physical and the digital worlds are
filled with various forms of symmetry, near-symmetry and
distorted symmetry patterns (Figures 1.1, 1.2 and 1.3). The
applicability of such a computational model can only be lim-
ited by one’s imagination;
• essentiality: intelligent beings perceive and interact with the

chaotic real world in the most efficient and effective manner
by capturing its essential structures and sub-structures — the
generators of symmetry, near-symmetry, distorted symmetry
and/or repeated patterns;
• compactness: the recognition of symmetries is the first step

towards minimizing redundancy, often leading to drastic
reductions in computation; and
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1.3 Why is computational symmetry challenging? 7

• aestho-physiology: from a butterfly to an elephant, from a
tea cup to a building, symmetry or deviation from it, has
been a time-honored principle for design (by nature or by
human) that can guide machine perception, detection, recog-
nition and synthesis of the real world.

Since the earliest bilateral reflection symmetry detection algorithm
[18], attempts in computational treatment of symmetry and regular-
ity have been made continuously. Figure 1.4 shows the statistics of
published papers2 in several major computer vision/graphics confer-
ences/journals during the period of 1974–2009 (36 years). An increasing
level of interests can be observed in both computer vision and computer
graphics.

1.3 Why is computational symmetry challenging?

Humans are experts in symmetry detection and appreciation [144, 268].
Our ability to recognize and tolerate departures from prefect symme-
tries reflects a level of sophistication in human perception. From an
engineering point of view, however, it remains unclear how to cap-
ture and simulate this perceptual capability of humans and animals
for machine/artifitial intelligence. From a theoretical point of view,
even though group theory itself (especially Euclidean group and its
subgroups) is a mature field, little formal theory exists connecting the
elegant group theory to the noisy, incomplete and often inconsistent
real world. From an educational point of view, group theory is usually
introduced in classrooms as an abstract theory instead of a theoretical
basis for algorithmic treatment of real world problems, such like those
in computer vision and computer graphics.

Regardless of how powerful computers have become, one fundamen-
tal limitation of computers is their finite representation power. One
simple floating point round-up error destroys any perfect symmetry in
the data. In addition, and perhaps more importantly, the non-coherent

2 A list of the papers counted for can be found here: http://www.cse.psu.edu/∼yanxi/

symmetryCitation.htm.
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8 Introduction

(A) Publications on symmetry detection and applications in major computer vision and

computer graphics conferences/journals.

(B) Dividing papers into on reflection symmetry alone versus other types of symmetries

(rotation, translation and glide-reflection).

Fig. 1.4 From the publication statistics, it is obvious that research on reflection symmetry
has been dominating the field in the past, with a growing awareness of the whole symmetry
spectrum. A similar reflection-symmetry-dominating trend has also been observed in the
psychology literature for human perception of symmetries [268].

(discrete versus continuous, and finite versus infinite) topological nature
of symmetry groups poses serious problems for their representation and
computation on computers under a uniform framework [151].

Full text available at: http://dx.doi.org/10.1561/0600000008



1.4 Historical Perspective 9

Fig. 1.5 Sample images of distorted, disguised and layered real world symmetries. Top and
bottom-middle photos are courtesy of David R. Martin.

In summary, computational symmetry is challenged by at least two
acute discrepancies:

• the clean formal concepts of group theory versus imperfect,
noisy, ambiguous, distorted and often hidden symmetry pat-
terns in digitized real world data (Figure 1.5).
• the complete, concise and uniform mathematical theory of

symmetry, group theory, versus limitations of representa-
tional power of computers (hardware) and a lack of com-
putational models for real world symmetry (software);

Without explicitly and effectively addressing each of these challenges, it
is impossible for computational symmetry to release its potential power
and play a substantial role in computer vision and computer graphics
research even though the importance and relevance of symmetry in
these fields become increasingly obvious (Figure 1.4).

1.4 Historical Perspective

To gain some historic perspective and insight, interested readers can
find several influential symmetry-related papers, for example, the

Full text available at: http://dx.doi.org/10.1561/0600000008



10 Introduction

wonderful exposition on the role of symmetry in “Biological Shape
and Visual Science” by Blum in 1973 [20]; in 1977, the “Descrip-
tion and Recognition of Curved Objects” reported by Nevatia and
Binford, where bilateral symmetry of the object about different axes
is examined [197]3; the method of detecting angle/side regularities
of closed curves and plateaus in one-dimensional patterns by Davis
et al. [22, 48]; the introduction of the term skewed symmetry by Takeo
Kanade in 1981 [109]; the exposition on “Smoothed Local Symmetries
and Their Implementation” by Brady and Asada (1984) [24]; the theory
of recognition-by-components (RBC) proposed by Biederman in 1985
[14]4; “Perceptual Grouping and the Natural Representation of Natural
Form” using superquadrics as restricted generalized cylinders (GC) by
Pentland in 1986 [210]; “Perceptual Organization and Visual Recogni-
tion” by Lowe [175], where the non-coincidental appearance of symme-
try in the real world was noted; and the “Symmetry-seeking Models for
3D Object Reconstruction” (1987) illustrated by Terzopoulos, Witkin
and Kass [256].

1.5 Organization of this Survey

In order to make this survey concise, self-contained and easily search-
able, we organize this survey into eight relatively independent sections.
They are:

(1) Introduction, where we motivate the necessity of this sur-
vey;

(2) Symmetry and symmetry groups, where we provide a
set of standard definitions and proofs with intuitive explana-
tions of these concepts. The theoretical basis for symmetry is

3 The authors stated: because of the simple descriptors used for pieces, the symmetry cal-
culation is correspondingly crude. However, we feel that with improved descriptions, sym-
metry can be very useful.” (p. 90) [197].

4 The fundamental assumption of the proposed theory of RBC “is that a modest set of

components [N probably 5 ≤ 36] can be derived from contrasts of five readily detectable
properties of edges in a two-dimensional image: curvature, collinearity, symmetry, par-

allelism, and cotermination. The detection of these properties is generally invariant over
viewing position and image quality and consequently, allows robust object perception when
the image is projected from a novel viewpoint or degraded.”

Full text available at: http://dx.doi.org/10.1561/0600000008



1.5 Organization of this Survey 11

established under Euclidean, affine and perspectively-skewed
and non-Euclidean geometries;

• Symmetry in Euclidean geometry
• Symmetry-based invariants in perspective transfor-

mation (affine as a special case)
• Symmetry in non-Euclidean geometry

(3) Symmetry and Symmetry group detection, where we
describe and demonstrate the methods and the output of
several representative state of the art symmetry detection
algorithms followed by the results from the first quantified
benchmarking in this area;

(4) Near regular textures, where we show their mathematical
roots to crystallographic groups, and their increasingly wide
applicability in both computer vision and computer graphics
research;

(5) Continuous and quantified symmetry, where we demon-
strate a variety of real world applications using quantified
symmetry (or deviations from it) as a continuous measure;

(6) Symmetry in graphics, where a range of visually appeal-
ing symmetry-based graphics applications is illustrated;

(7) Summary, where we summarize this effort, provide pointers
to existing resources and lay out tangible future directions in
this research area; and

(8) References, a comprehensive reference list in computational
symmetry completes this survey.

Given limitations in space and time, some important aspects of
symmetry related topics are not covered in this survey, they include:

• Medial axis and its wide range of applications: for a recent
survey on this topic, refer to [249]; a classic shock graph
reference [250], and some recent developments [140, 253].
• Human and animal symmetry perceptions: these are well

studied and well documented. Interested readers can start
with [268, 144]; some excellent exploration of symmetry and
culture research can be found in these books [236, 274].

Full text available at: http://dx.doi.org/10.1561/0600000008



12 Introduction

• Alternative representations of symmetry groups: in this sur-
vey, we follow the classic group theory for symmetry. But we
recommend the book by Conway et al. [41] for great intuition
and a modern representation of symmetry groups.

Full text available at: http://dx.doi.org/10.1561/0600000008
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rectilinear structures,” in Proceedings of IEEE Computer Society Conference
on Computer Vision and Pattern Recognition (CVPR’08), IEEE Computer
Society Press, June 2008.

[186] W. Miller, Symmetry Groups and their Applications. London: Academic Press,
1972.

[187] D. Milner, S. Raz, H. Hel-Or, D. Keren, and E. Nevo, “Measuring symmetry
without landmarks,” In preparation.

[188] D. Milner, S. Raz, H. Hel-Or, D. Keren, and E. Nevo, “A new measure of sym-
metry and its application to classification of bifurcating structures,” Pattern
Recognition, vol. 40, no. 8, pp. 2237–2250, 2007.

[189] J. Milnor, “Hilbert’s problem 18,” in Proceedings of symposia in pure math-
ematics, 28, American Mathematical Society, ISBN 0-8218-1428-1 (Browder,
Felix E., Mathematical developments arising from Hilbert problems), 1976.

[190] N. J. Mitra, L. Guibas, and M. Pauly, “Partial and approximate symme-
try detection for 3d geometry,” in ACM Transactions on Graphics, vol. 25,
pp. 560–568, 2006.

[191] S. Mitra and Y. Liu, “Local facial asymmetry for expression classifica-
tion,” in Proceedings of IEEE Computer Society Conference on Computer
Vision and Pattern Recognition (CVPR’04), pp. 889–894, Washington, DC:
IEEE Computer Society Press, June 27–July 2 2004. (http://www.ri.cmu.
edu/pubs/pub 4640.html).

[192] A. Moller and J. Swaddle, Asymmetry, Developmental Stability, and Evolu-
tions. Oxford University Press, 1997.

[193] A. P. Moller, R. Thornhill, and S. W. Gangestad, “Direct and indirect tests
for publication bias: Asymmetry and sexual selection,” Animal Behaviour,
vol. 70, pp. 497–506, 2005.

[194] D. Mukherjee, A. Zisserman, and J. Brady, “Shape from symmetry — detect-
ing and exploiting symmetry in affine images,” 1995.

[195] G. L. Naber, The Geometry of Minkowski Spacetime. New York: Springer-
Verlag, 1992.

[196] L. R. Nackman and S. M. Pizer, “Three-dimensional shape description using
the symmetric axis transform i: Theory,” IEEE Transactions on Pattern Anal-
ysis and Machine Intelligence, vol. 7, pp. 187–202, 1985.

[197] R. Nevatia and T. O. Binford, “Description and recognition of curved objects,”
Artificial Intelligence, vol. 8, no. 1, pp. 77–98, 1977.

[198] H. Ogawa, “Symmetry analysis of line drawings using the hough transform,”
Pattern Recognition Letters, vol. 12, pp. 9–12, 1991.

[199] V. Ostromoukhov, “Mathematical tools for computer-generated ornamental
patterns,” in Electronic Publishing, Artistic Imaging and Digital Typography,

Full text available at: http://dx.doi.org/10.1561/0600000008



References 193

number 1375 in Lecture Notes in Computer Science, pp. 193–223, Springer-
Verlag, 1998.

[200] A. J. O’Toole, K. A. Deffenbacher, D. Valentin, K. McKee, D. Huff, and
H. Abdi, “The perception of face gender: The role of stimulus structure in
recognition and classification,” Memory and Cognition, vol. 26, no. 1, pp. 146–
160, 1998.

[201] A. R. Palmer, “Fluctuating asymmetry analyses: A primer,” in Developmental
instability: Its origins and evolutionary implications, (T. A. Markow, ed.),
pp. 335–364, Kluwer, Dordrecht, Netherlands, 1994.

[202] M. Park, K. Brocklehurst, R. T. Collins, and Y. Liu, “Deformed lattice detec-
tion in real-world images using mean-shift belief propagation,” IEEE Trans-
actions on Pattern Analysis and Machine Intelligence, PAMI, vol. 31, no. 10,
2009.

[203] M. Park, S. Lee, P. Chen, S. Kashyap, A. A. Butt, and Y. Liu, “Perfor-
mance evaluation of state-of-the-art discrete symmetry detection algorithms,”
in IEEE Conference on Computer Vision and Pattern Recognition (CVPR
2008), pp. 1–8, 2008.

[204] M. Park, Y. Liu, and R. T. Collins, “Deformed lattice detection via mean-
shift belief propagation,” in Proceedings of the 10th European Conference on
Computer Vision (ECCV’08), 2008.

[205] M. Park, Y. Liu, and R. T. Collins, “Efficient mean shift belief propagation for
vision tracking,” in Proceedings of Computer Vision and Pattern Recognition
Conference (CVPR’08), IEEE Computer Society Press, June 2008.

[206] S. K. Parui and D. D. Majumder, “Symmetry analysis by computer,” Pattern
Recognition, vol. 16, pp. 63–67, 1983.

[207] M. Pauly, N. J. Mitra, J. Wallner, H. Pottmann, and L. Guibas, “Discovering
structural regularity in 3D geometry,” ACM Transactions on Graphics, vol. 27,
no. 3, pp. #43, 1–11, 2008.

[208] S. Peleg and A. Rosenfeld, “A min-max medial axis transform,” IEEE Trans-
actions on Pattern Analysis and Machine Intelligence, vol. 3, no. 2, pp. 208–
210, 1981.

[209] R. Penrose, “Role of aesthetics in pure and applied research,” Bulletin of the
Institute of Mathematics and its Applications, vol. 10, no. 266, 1974.

[210] A. P. Pentland, “Perceptual organization and the representation of natural
form,” Artificial Intelligence, vol. 28, pp. 293–331, 1986.

[211] N. Pillow, S. Utcke, and A. Zisserman, “Viewpoint-invariant representation of
generalized cylinders using the symmetry set,” Image and Vision Computing,
vol. 13, no. 5, 1995.

[212] M. Pinsky and D. Avnir, “Continuous symmetry measures, v: The classical
polyhedra,” Inorganic Chemistry, vol. 37, pp. 5575–5582, 1998.

[213] Y. Pinto, P. W. Fowler, D. Mitchell, and D. Avnir, “Continuous chirality anal-
ysis of model stone-wales rearrangements in fullerenes,” Journal of Physical
Chemistry, vol. 102, pp. 5776–5784, 1998.

[214] S. Pizer, W. Oliver, and S. Bloomberg, “Hierarchical shape description via
the multiresolution symmetric axis transform,” IEEE Transactions on Pattern
Analysis and Machine Intelligence, vol. 9, no. 4, pp. 505–511, 1987.

Full text available at: http://dx.doi.org/10.1561/0600000008



194 References

[215] J. Podolak, P. Shilane, A. Golovinskiy, S. Rusinkiewicz, and T. A. Funkhouser,
“A planar-reflective symmetry transform for 3d shapes,” ACM Transactions
on Graphics, vol. 25, no. 3, pp. 549–559, 2006.

[216] J. Ponce, “On characterizing ribbons and finding skewed symmetries,” in Pro-
ceedings of International Conference on Robotics and Automation, pp. 49–54,
1989.

[217] J. Ponce, “On characterizing ribbons and finding skewed symmetries,” Com-
puter Vision, Graphics, and Image Processing, vol. 52, pp. 328–340, 1990.

[218] S. Posch, “Detecting skewed symmetries,” in International Conference on Pat-
tern Recognition, pp. 602–606, The Hague, August 1992.

[219] V. S. N. Prasad and L. S. Davis, “Detection rotational symmetries,” in IEEE
International Conference on Computer Vision (ICCV), pp. 346–352, 2005.

[220] M. Proesmans and L. Van Gool, “Grouping based on coupled diffusion
maps,” in Shape, Contour and Grouping in Computer Vision, LNCS vol. 1681,
(D. Forsyth, J. Mundy, V. Gesu, and R. Cipolla, eds.).

[221] M. Proesmans, L. Van Gool, and A. Oosterlinck, “Grouping through local,
parallel interactions,” in Proceedings Applications of digital image processing
XVIII, vol. 2564, July 1995, pp. 458–469, SPIE, 1995.

[222] D. Reisfeld, H. Wolfson, and Y. Yeshurun, “Detection of interest points
using symmetry,” in International Conference on Computer Vision, pp. 62–65,
Osaka, 1990.

[223] D. Reisfeld, H. Wolfson, and Y. Yeshurun, “Robust detection of facial features
by generalized symmetry,” in International Conference on Pattern Recogni-
tion, pp. A:117–120, June 1992.

[224] D. Reisfeld, H. Wolfson, and Y. Yeshurun, “Context free attentional operators:
the generalized symmetry transform,” The International Journal of Computer
Vision, vol. 14, pp. 119–130, 1995.

[225] C. K. Richardson, D. Bowers, R. M. Bauer, K. M. Heilman, and C. M. Leonard,
“Digitizing the moving face during dynamic displays of emotion,” Neuropsy-
chologia, vol. 38, no. 7, pp. 1028–1039, 2000.

[226] I. Rodr´iguez, A. Gumbert, N. Hempel de Ibarra, J. Kunze, and M. Giurfa,
“Symmetry is in the eye of the ‘beeholder’: innate preference for bilateral
symmetry in flower-na¨ive bumblebees,” Naturwissenschaften, vol. 91, no. 8,
pp. 374–377, August 2004.

[227] A. Rosenfeld, “Axial representation of shape,” Computer Vision, Graphics,
and Image Processing, vol. 10, pp. 156–173, 1986.

[228] T. Rowland and E. W. Weisstein, Group. http://mathworld.wolfram.
com/Group.html.

[229] P. Saint-Marc and G. Medioni, “B-spline contour representation and symme-
try detection,” in European Conference on Computer Vision, pp. 604–606,
1990.

[230] Y. Sato, J. Ohya, and K. Ishii, “Smoothed local generalized cones: An axial
representation of 3D shapes,” in IEEE Conference on Computer Vision and
Pattern Recognition, pp. 56–62, Champaign, June 1992.

[231] F. Schaffalitzky and A. Zisserman, “Geometric grouping of repeated elements
within images,” in Proceedings of 9th British Machine Vision Conference,
Southampton, pp. 13–22, 1998.

Full text available at: http://dx.doi.org/10.1561/0600000008



References 195

[232] F. Schaffalitzky and A. Zisserman, “Geometric grouping of repeated elements
within images,” in Shape, Contour and Grouping in Computer Vision, LNCS,
(D. A. Forsyth, V. Di Gesu, J. L. Mundy, and R. Cipolla, eds.), pp. 165–181,
Springer-Verlag, 1999.

[233] F. Schaffalitzky and A. Zisserman, “Planar grouping for automatic detection
of vanishing lines and points,” IVC, vol. 18, pp. 647–658, 2000.

[234] F. Schaffalitzky and A. Zisserman, “Multi-view matching for unordered image
sets, or “How do I organize my holiday snaps?”,” in ECCV, pp. 414–431,
Springer-Verlag, 2002.

[235] D. Schattschneider, “The plane symmetry groups: their recognition and nota-
tion,” American Mathematical Monthly, vol. 85, pp. 439–450, 1978.

[236] D. Schattschneider, Visions of Symmetry. New York: Freeman, 1998.
[237] D. Schattschneider, M. C. Escher: Visions of Symmetry. Harry N. Abrams,

2nd Edition, 2004.
[238] D. Schattschneider, “Coxeter and the artists: Two-way inspiration,” in The

Coxeter Legacy: Reflections and Projections, number 46, (C. Davis and E. W.
Ellers, eds.), pp. 255–280, Fields Institute Communications, 2006.

[239] J. E. Scheib, S. W. Gangestad, and R. Thornhill, “Facial attractiveness, sym-
metry and cues of good genes,” Proceedings of the Royal Society of London,
B, vol. 266, pp. 1913–1918, 1999.

[240] G. Schindler, P. Krishnamurthy, R. Lublinerman, Y. Liu, and F. Dellaert,
“Detecting and matching repeated patterns for automatic geo-tagging in
urban environments,” in IEEE Computer Vision and Pattern Recognition
(CVPR 2008), pp. 1–8, 2008.

[241] G. L. Scott, S. C. Turner, and A. Zisserman, “Using a mixed wave/diffusion
process to elicit the symmetry set,” Image Vision Computing, vol. 7, no. 1,
pp. 63–70, 1989.

[242] P. Seitz, “The robust recognition of object primitives using local axes of sym-
metry,” Signal Processing, vol. 18, pp. 89–108, 1989.

[243] S. M. Seitz and C. R. Dyer, “View morphing,” SIGGRAPH, pp. 21–30, 1996.
[244] S. M. Seitz and C. R. Dyer, “View-invariant analysis of cyclic motion,” Inter-

national Journal of Computer Vision, vol. 25, pp. 1–23, 1997.
[245] J. Semple and G. Kneebone, Algebraic Projective Geometry. Clarendon, 1979.
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