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Foreword

The field of computer vision has its sights set on nothing less than enabling computers
to see. This monumental challenge has absorbed many creative minds over the course
of more than three decades. A basic premise held by the computer vision community
is that vision may be understood in precise computational terms, and that doing so
raises the possibility of engineering camera-equipped computer systems with human-
like perceptual abilities. Once envisioned only in science fiction, powerful machine
vision systems are now more than ever poised to become science fact. This is due
in part to the advent of increasingly potent microprocessors, as predicted by Moore’s
law, and in part to the slow but steady unraveling, on multiple scientific fronts, of the
mystery that is visual perception in living systems.

Model-based vision is a major trend in the field that approaches computational
problems attendant to vision using mathematical models. To see familiar objects
as normal people evidently do with ease, computer vision systems must be able to
analyze object shape and motion in real time. To this end, in the early 1980s, my
colleagues and I introduced a family of mathematical models, known as “deformable
models”. The motivation was to formulate visual models that unify the representa-
tion of shape and motion by combining geometry and physics; in particular, free-form
(spline) geometry and the dynamics of elastic curves, surfaces, and solids. We antic-
ipated that deformable models would lead to vision systems capable of interpreting
video sequences in terms of rigid and nonrigid objects moving before the camera. Per-
haps the simplest deformable model, deformable contours confined to the plane, also
known as “active contours” or “snakes”, quickly gained popularity following early pub-
lic demonstrations of these contours actively conforming to the shapes and tracking
the motions of object boundaries in video sequences.

I have admired Andrew Blake and his work for many years. His contribution
to computer vision is undeniable. A very readable author, Blake’s book on Visual
Reconstruction has become a classic in the field. It gives me great pleasure to see
the concept of active contours developed to the remarkable degree evident in this, his
latest book, which is authored with his talented student, Michael Isard.

In a characteristically no-nonsense, mathematically solid treatment, Blake and
Isard take the subject of active contours to new heights of theoretical sophistication
and practical application. The latter addresses the difficult task of visually tracking
the motions of a variety of complex objects captured by a video camera feeding a
frame-rate video digitizer. The impressive technical achievement of the book is a
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novel, probabilistic interpretation of active contours built on a geometric substrate
that combines B-spline curve bases with shape spaces defined by global deformations.
This combination leads to a new class of very fast and highly robust (non-Gaussian)
active contour propagation algorithms. Another noteworthy achievement is the ability
of these new tracking algorithms to learn the complex motions of specific objects
through observation, thereby automatically tuning the tracker with greater selectivity
to objects of interest, further enhancing its robustness.

This book defines the state-of-the-art of contour-based object tracking algorithms.
It is required reading for anyone interested in computer vision theory and in the design
of working computer vision systems.

Demetri Terzopoulos
November, 1997
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Preface

In the seventies and eighties, interest in Computer Vision was concentrated on the de-
velopment of general purpose seeing machines. There was wide agreement on research
priorities, developing “bottom-up” computer algorithms that would organise the raw
intensity values in images into a more compact form. The purpose of this was not just
to compress the data but also to extract its salient features. Salient features could
include corners, edges and surface fragments, to be used in identifying objects and
deducing their positions. However, experience suggests strongly that general purpose
vision is too difficult a goal for the time being.

If general purpose vision is abandoned, what alternative approach could be taken?
One answer is that generality can be abated by introducing some “prior” knowledge
— knowledge that is specific to the objects that the computer is expected to see. An
extreme form of this approach is exemplified by automatic visual inspection machines
of the kind used on factory assembly lines. In that context, it is known in advance
precisely what objects are to be inspected — it is rare, after all, for potatoes streaming
along a conveyor to give way, without notice, to a crop of spanners or chocolate
bars. When computer hardware and software are specialised entirely to deal with one
object, phenomenal performance can be obtained. A striking example is the “Niagara”
machine (Sortex, UK Ltd) for sorting rice grains which “sees” 70,000 grains every
second and almost literally spits out the rejects.

It is a commonly held view that it is hard to make progress in research by building
such specialised machines because general principles are lost to engineering detail.
That is a fair point but by no means, in our view, outlaws the use of prior knowledge
about shape in computer vision research. Instead, we would argue, scientific principles
for representing prior knowledge need to be developed. Then, when a new problem
area is addressed, the principles can be applied to “compile” a new vision system as
rapidly as possible. This includes such issues as how to represent classes of shapes
that are defined loosely. Potatoes, for instance, might be characterised as roundish
but with substantial size variations, with or without knobs. On the other hand, the
class of human faces could be represented in terms of a common basic layout, but with
considerable variation in the sizes and separations of features. Modelling classes of
shapes, their variability and their motion is one of the principal themes of the book.
The use of those models to help interpret moving images is the other central theme.

We have tried to present ideas about shape and motion in a way that will be
readable not only by specialists, but also by those who are not regularly immersed in
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the ideas of machine vision. In particular we would hope that those with backgrounds
in graphics or signal processing or neural computing would find the book a useful and
accessible guide.
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Glossary of notation

SYMBOL MEANING see page

x̂ an estimate for the quantity x

x̃ a prediction of the quantity x

ẋ temporal derivative of x

x · y scalar product of vectors x, y

‖ · ‖ norm for functions/curves 47,58

〈·, ·〉 inner product for functions/curves 47,58

A ⊗ B Kronecker product of matrices A, B 282
T superscript denoting vector/matrix transpose

0 vector of zeros, of length NB

1 vector of ones, of length NB

A deterministic coefficient matrix in discrete dy-
namical model

204

A1, A2 components of A 204

B(s) vector of B-spline blending functions 44

B0 stochastic coefficients in second-order discrete
dynamical model

204

B stochastic coefficient matrix in discrete dynam-
ical model

193, 204

B metric matrix for B-spline functions 50

Bm(s) mth B-spline blending function 43

C covariance coefficient C = BBT 242

d order of spline polynomial

E [Y ] expectation of a random variable Y 294

H observation matrix for Kalman filter 216
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SYMBOL MEANING see page

H metric matrix for curves in shape-space S 79

h(s) image measurement matrix for recursive curve-
fitting

124

Ir r × r identity matrix

K(t),K(t) Kalman gain 216

k index for discrete time tk = kτ

κ length factor for search lines 174

L no. of spans on B-spline curve 45

M no. of frames in a training sequence X1, . . .XM 175

N no. of sampled image features along a B-spline
curve

124

NB no. of control points on B-spline curve 43

NQ dimension of spline space 66

NX dimension of configuration space (shape-space)
S

69

N (X, P ) multi-variate Gaussian (normal) distribution 296

n(s, t) image-curve normal 122

νi innovation due to ith image feature 124

P, P ′, P ′′ covariance components for shape X̂(t) 218

P(t) covariance of state X̂ (t) 204, 213

P̃(tk) covariance of predicted state-vector X̃ (tk) 216

qn control points for spline curve 53

Q vector of control points 58

Qx vector of x-coordinates of control points 44, 58

Qy vector of y-coordinates of control points 58
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SYMBOL MEANING see page

Q0 control points of template curve 74

R rotation matrix 283

R(s) space-curve (3D) 81

Rij , R
′
ij auto-correlation coefficients of training sequence 244

Ri training-sequence sums 244

r(s) image curve (2D) 53

ρ0(s) root-mean-square displacement at s on a curve 161

ρ0 root-mean-square displacement of curve 161

S, Si statistical information matrix 127

SQ space of spline curves Q 58

S shape-space 69

s spatial parameter for curve

σ σ2 is variance of image measurement process 127,169

t time parameter

T duration T = Mτ of an image sequence

τ sample interval for image capture

U(s) matrix mapping control point vector Q to image
curve r(s)

58

u translation vector 76

U metric matrix for B-spline parametric curves 58

V[Y ] variance of a random variable Y 294

W shape-matrix mapping from configuration X to
control point vector Q

74

W † pseudo-inverse of mapping W 74

wk discrete noise: vector of independent standard
normal variables

193
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SYMBOL MEANING see page

X curve shape-vector 74

X mean value of curve configuration 160

X state-vector for image-based dynamics at dis-
crete time k

204

X̂ (tk) estimated state-vector from a tracker 214

X̃ (tk) predicted state-vector in a tracker 216

X mean value of state X 204

X (tk) history of states X (t1), . . . ,X (tk) 260

Z(tk) aggregated vector of visual measurements at
time t = kτ

127

Z(tk) measurement history {Z(t1), . . . ,Z(tk)} up to
time t = kτ

213



Bibliography

Adjoudani, A. and Benoit, C. (1995). On the integration of auditory and visual
parameters in an HMM-based ASR. In Proceedings NATO ASI Conference on
Speechreading by Man and Machine: Models, Systems and Applications, 461–472.
NATO Scientific Affairs Division.

Allen, P., Yoshimi, B., and Timcenko, A. (1991). Real-time visual servoing. In Proc.
IEEE Int. Conf. Robotics and Automation, 1, 851–856.

Aloimonos, J. (1990). Perspective approximations. J. Image and Vision Computing,
8, 177–192.

Aloimonos, J. (1993). Active Perception. Erlbaum.

Aloimonos, J., Weiss, I., and Bandyopadhyay, A. (1987). Active vision. In Proc. 1st
Int. Conf. on Computer Vision, 35–54.

Amini, A., Owen, R., Staib, L., Anandan, P., and Duncan, J. (1991). Non-rigid mo-
tion models for tracking the left ventricular wall. Lecture notes in computer science:
Information processing in medical images. Springer-Verlag.

Amini, A., Tehrani, S., and Weymouth, T. (1988). Using dynamic programming for
minimizing the energy of active contours in the presence of hard constraints. In Proc.
2nd Int. Conf. on Computer Vision, 95–99.

Anderson, B. and Moore, J. (1979). Optimal filtering. Prentice Hall.

Arbogast, E. and Mohr, R. (1990). 3D structure inference from images sequences. In
Baird, H., editor, Proceedings of the Syntactical and Structural Pattern Recognition
Workshop, 21–37, Murray-Hill, NJ.



316 Bibliography

Astrom, K. (1970). Introduction to stochastic control theory. Academic Press.

Astrom, K. and Wittenmark, B. (1984). Computer Controlled Systems. Addison
Wesley.

Ayache, N., Cohen, I., and Herlin, I. (1992). Medical image tracking. In Blake, A.
and Yuille, A., editors, Active Vision, 285–302. MIT.

Ayache, N. and Faugeras, O. (1987). Building, registration and fusing noisy visual
maps. In Proc. 1st Int. Conf. on Computer Vision, London.

Ayache, N. and Faverjon, B. (1987). Efficient registration of stereo images by match-
ing graph descriptions of edge segments. Int. J. Computer Vision, 107–131.

Azarbayejani, A., Starner, T., Horowitz, B., and Pentland, A. (1993). Visually
controlled graphics. IEEE Trans. on Pattern Analysis and Machine Intelligence, 15,
6, 602–605.

Bajcsy, R. (1988). Active perception. In Proc. IEEE, 76, 996–1005.

Baker, H. and Binford, T. (1981). Depth from edge and intensity based stereo. In
Proc. Int. Joint Conf. Artificial Intelligence, 631–636.

Ballard, D. (1981). Generalising the Hough transform to detect arbitrary shapes.
Pattern Recognition, 12, 2, 111–122.

Ballard, D. and Brown, C. (1982). Computer Vision. Prentice-Hall, New Jersey.

Bar-Shalom, Y. and Fortmann, T. (1988). Tracking and Data Association. Academic
Press.

Barnett, S. (1990). Matrices: Methods and Applications. Oxford University Press.

Bartels, R., Beatty, J., and Barsky, B. (1987). An Introduction to Splines for use in
Computer Graphics and Geometric Modeling. Morgan Kaufmann.

Bascle, B. and Deriche, R. (1995). Region tracking through image sequences. In
Proc. 5th Int. Conf. on Computer Vision, 302–307, Boston.

Baumberg, A. and Hogg, D. (1994). Learning flexible models from image sequences.
In Eklundh, J.-O., editor, Proc. 3rd European Conf. Computer Vision, 299–308.
Springer-Verlag.



Bibliography 317

Baumberg, A. and Hogg, D. (1995a). An adaptive eigenshape model. Proc. British
Machine Vision Conf., 87–96.

Baumberg, A. and Hogg, D. (1995b). Generating spatiotemporal models from exam-
ples. In Proc. British Machine Vision Conf., 2, 413–422.

Belhumeur, P. (1993). A binocular stereo algorithm for reconstructing sloping,
creased, and broken surfaces in the preesence of half-occlusion. In Proc. 4th Int.
Conf. on Computer Vision, 431–438.

Belhumeur, P., Hespanha, J., and Kriegman, D. (1996). Eigenfaces vs. Fisherfaces:
recognition using class specific linear projection. In Proc. 4th European Conf. Com-
puter Vision, number 800 in Lecture notes in computer science, 45–58. Springer-
Verlag.

Bellman, R. and Dreyfus, S. (1962). Applied dynamic programming. Princeton Uni-
versity Press, Princeton, U.S.

Bennett, A. and Craw, I. (1991). Finding image features for deformable templates
and detailed prior statistical knowledge. In Proc. British Machine Vision Conf.,
233–239.

Bergen, J., Anandan, P., Hanna, K., and Hingorani, R. (1992a). Hierarchical model-
based motion estimation. In Proc. 2nd European Conf. Computer Vision, 237–252.

Bergen, J., Burt, P., Hingorani, R., and Peleg, S. (1992b). A three-frame algorithm
for estimating two-component image motion. IEEE Trans. on Pattern Analysis and
Machine Intelligence, 14, 9, 886–896.

Beymer, D. and Poggio, T. (1995). Face recognition from one example view. In Proc.
5th Int. Conf. on Computer Vision, 500–507.

Bishop, C. (1995). Neural networks for pattern recognition. Oxford.

Black, M. and Jepson, A. (1996). Eigentracking: robust matching and tracking of
articulated objects using a view-based representation. In Proc. 4th European Conf.
Computer Vision, 329–342.

Black, M. and Yacoob, Y. (1995). Tracking and recognizing rigid and non-rigid facial
motions using local parametric models of image motion. In Proc. 5th Int. Conf. on
Computer Vision, 374–381.



318 Bibliography

Blake, A. (1992). Computational modelling of hand-eye coordination. Phil. Trans.
R. Soc., 337, 351–360.

Blake, A. and Cipolla, R. (1990). Robust estimation of surface curvature from de-
formation of apparent contours. In Faugeras, O., editor, Proc. 1st European Conf.
Computer Vision, 465–474. Springer-Verlag.

Blake, A., Curwen, R., and Zisserman, A. (1993). A framework for spatio-temporal
control in the tracking of visual contours. Int. J. Computer Vision, 11, 2, 127–145.

Blake, A. and Isard, M. (1994). 3D position, attitude and shape input using video
tracking of hands and lips. In Proc. Siggraph, 185–192. ACM.

Blake, A., Isard, M., and Reynard, D. (1995). Learning to track the visual motion
of contours. J. Artificial Intelligence, 78, 101–134.

Blake, A. and Marinos, C. (1990). Shape from texture: estimation, isotropy and
moments. J. Artificial Intelligence, 45, 323–380.

Blake, A. and Yuille, A., editors (1992). Active Vision. MIT.

Bobick, A. and Wilson, A. (1995). A state-based technique for the summarisation
and recognition of gesture. In Proc. 5th Int. Conf. on Computer Vision, 382–388.

Bolles, R., Baker, H., and Marimont, D. (1987). Epipolar-plane image analysis: An
approach to determining structure. Int. J. Computer Vision, 1, 7–55.

Bookstein, F. (1989). Principal warps:thin-plate splines and the decomposition of
deformations. IEEE Trans. on Pattern Analysis and Machine Intelligence, 11, 6,
567–585.

Bracewell, R. (1978). The Fourier transform and its applications. McGraw-Hill.

Bray, A. (1990). Tracking objects using image disparities. J. Image and Vision
Computing, 8, 1, 4–9.

Bregler, C. and Konig, Y. (1994). Eigenlips for robust speech recognition. In Proc.
Int. Conf. Acoustics, Speech, Signal Processing, 669–672, Adelaide.



Bibliography 319

Bregler, C. and Omohundro, S. (1994). Surface learning with applications to lipread-
ing. In Cowan, J., Tesauro, G., and Alspector, J., editors, Advances in Neural Infor-
mation Processing Systems 6, 6. Morgan Kaufmann Publishers.

Bregler, C. and Omohundro, S. (1995). Nonlinear manifold learning for visual speech
recognition. In Proc. 5th Int. Conf. on Computer Vision, 494–499, Boston.

Broida, T. and Chellappa, R. (1986). Estimation of object motion parameters from
noisy images. IEEE Trans. on Pattern Analysis and Machine Intelligence, 8, 90–99.

Brown, C., Coombs, D., and Soong, J. (1992). Real-time smooth pursuit tracking.
In Blake, A. and Yuille, A., editors, Active Vision, 123–136. MIT.

Brown, C. and Terzopoulos, D., editors (1994). Real-time computer vision. Cam-
bridge.

Bruce, J. and Giblin, P. (1984). Curves and Singularities. Cambridge.

Bucy, R. (1969). Bayes theorem and digital realizations for non-linear filters. J.
Astronautical Sciences, 17, 2, 80–94.

Bulthoff, H., Little, J., and Poggio, T. (1989). A parallel algorithm for real-time
computation of optical flow. Nature, 337, 9, 549–553.

Burr, D. (1981). Elastic matching of line drawings. IEEE Trans. on Pattern Analysis
and Machine Intelligence, 3, 6, 708–713.

Burt, P. (1983). Fast algorithms for estimating local image properties. Computer
Vision, Graphics and Image Processing, 21, 368–382.

Buxton, B. and Buxton, H. (1983). Monocular depth perception from optical flow
by space time signal processing. Proc. Royal Society of London, B 218, 27–47.

Buxton, B. and Buxton, H. (1984). Computation of optic flow from the motion of
edge features in image sequences. J. Image and Vision Computing, 2, 59–75.

Campbell, L. and Bobick, A. (1995). Recognition of human body motion using phase
space constraints. In Proc. 5th Int. Conf. on Computer Vision, 624–630.

Canny, J. (1986). A computational approach to edge detection. IEEE Trans. on
Pattern Analysis and Machine Intelligence, 8, 6, 679–698.



320 Bibliography

Cipolla, R. and Blake, A. (1990). The dynamic analysis of apparent contours. In
Proc. 3rd Int. Conf. on Computer Vision, 616–625.

Cipolla, R. and Blake, A. (1992a). Motion planning using image divergence and
deformation. In Blake, A. and Yuille, A., editors, Active Vision, 39–58. MIT.

Cipolla, R. and Blake, A. (1992b). Surface shape and the deformation of apparent
contours. Int. J. Computer Vision, 9, 2, 83–112.

Cohen, L. (1991). On active contour models and balloons. CVGIP: Image Under-
standing, 53, 2, 211–218.

Cootes, T., Hill, A., Taylor, C., and Haslam, J. (1994). The use of active shape
models for locating structures in medical images. J. Image and Vision Computing,
12, 6, 355–366.

Cootes, T. and Taylor, C. (1992). Active shape models. In Proc. British Machine
Vision Conf., 265–275.

Cootes, T., Taylor, C., Cooper, D., and Graham, J. (1995). Active shape models —
their training and application. Computer Vision and Image Understanding, 61, 1,
38–59.

Cootes, T., Taylor, C., Lanitis, A., Cooper, D., and Graham, J. (1993). Building and
using flexible models incorporating grey-level information. In Proc. 4th Int. Conf.
on Computer Vision, 242–246.

Cox, I. (1993). A review of statistical data association techniques for motion corre-
spondence. Int. J. Computer Vision, 10, 1, 53–66.

Craig, J. (1986). Introduction to robotics: mechanics and control. Addison-Wesley.

Crisman, J. D. (1992). Color region tracking for vehicle guidance. In Blake, A. and
Yuille, A., editors, Active Vision, chapter 7. The MIT Press.

Curwen, R. (1993). Dynamic and Adaptive Contours. PhD thesis, University of
Oxford.

Curwen, R. and Blake, A. (1992). Dynamic contours: real-time active splines. In
Blake, A. and Yuille, A., editors, Active Vision, 39–58. MIT.



Bibliography 321

Curwen, R., Blake, A., and Cipolla, R. (1991). Parallel implementation of Lagrangian
dynamics for real-time snakes. In Proc. British Machine Vision Conf., 29–36.

Davidson, C. and Blake, A. (1998). Error-tolerant visual planning of planar grasp.
In Proc. 6th Int. Conf. on Computer Vision.

de Boor, C. (1978). A practical guide to splines. Springer-Verlag, New York.

Demey, S., Zisserman, A., and Beardsley, P. (1992). Affine and projective structure
from motion. In Proc. British Machine Vision Conf.

Dempster, A., Laird, M., and Rubin, D. (1977). Maximum likelihood from incomplete
data via the EM algorithm. J. Roy. Stat. Soc. B., 39, 1–38.

Deriche, R. and Faugeras, O. (1990). Tracking line segments. In Faugeras, O., editor,
Proc. 1st European Conf. Computer Vision, 259–268. Springer-Verlag.

Dickmanns, E. (1992). Expectation-based dynamic scene understanding. In Blake,
A. and Yuille, A., editors, Active Vision, 303–336. MIT.

Dickmanns, E. and Graefe, V. (1988a). Applications of dynamic monocular machine
vision. Machine Vision and Applications, 1, 241–261.

Dickmanns, E. and Graefe, V. (1988b). Dynamic monocular machine vision. Machine
Vision and Applications, 1, 223–240.

Dodd, B. and Campbell, R. (1987). Hearing By Eye: The Psychology of Lip Reading.
Erlbaum.

Dreschler, L. and Nagel, H. (1981). Volumetric model and 3D trajectory of a moving
car derived from monocular TV-frame sequence of a street scene. In Proc. Int. Joint
Conf. Artificial Intelligence, 692–697.

Duda, R. and Hart, P. (1973). Pattern Classification and Scene Analysis. John Wiley
and Sons.

Durrant-Whyte, H. (1988). Uncertain geometry in robotics. IEEE J. of Robotics and
Automation, 4, 1, 23–31.



322 Bibliography

Enkelmann, W. (1986). Investigations of multigrid algorithms for the estimation of
optical flow fields in image sequences. In Proc. Conf. Computer Vision and Pattern
Recognition, 81–87.

Essa, I. and Pentland, A. (1995). Facial expression recognition using a dynamic
model and motion energy. In Proc. 5th Int. Conf. on Computer Vision, 360–367.

Faugeras, O. (1993). 3D Computer Vision. MIT Press.

Faugeras, O. and Hebert, M. (1986). The representation, recognition, and locating
of 3D objects. Int. J. Robotics Research, 5, 3, 27–52.

Faux, I. and Pratt, M. (1979). Computational Geometry for Design and Manufacture.
Ellis-Horwood.

Faverjon, B. and Ponce, J. (1991). On computing two-finger force-closure grasps of
curved 2D objects. In Proc. IEEE Int. Conf. Robotics and Automation, 3, 424–429.

Ferrier, N., Rowe, S., and Blake, A. (1994). Real-time traffic monitoring. In Proc.
2nd IEEE Workshop on Applications of Computer Vision, 81–88. IEEE.

Finn, E. and Montgomery, A. (1988). Automatic optically based recognition of
speech. Pattern Recognition Letters, 8, 3, 159–164.

Fischler, M. and Bolles, R. (1981). Random sample consensus: A paradigm for model
fitting with application to image analysis and automated cartography. Commun.
Assoc. Comp. Mach., 24, 381–95.

Fischler, M. and Elschlager, R. (1973). The representation and matching of pictorial
structures. IEEE. Trans. Computers, C-22, 1.

Foley, J., van Dam, A., Feiner, S., and Hughes, J. (1990). Computer Graphics:
Principles and Practice, chapter 13, 563–604. Addison-Wesley.

Forsyth, D., Mundy, J., Zisserman, A., and Brown, C. (1990). Projectively invariant
representations using implicit algebraic curves. In Faugeras, O., editor, Proc. 1st
European Conf. Computer Vision, 427–436. Springer-Verlag.

Freeman, W. and Tenenbaum, J. (1997). Learning bilinear models for two-factor
problems in vision. In Proc. Conf. Computer Vision and Pattern Recognition, 554–
560.



Bibliography 323

Gee, A. and Cipolla, R. (1994). Determining the gaze of faces in images. J. Image
and Vision Computing, 12, 10, 639–647.

Gee, A. and Cipolla, R. (1996). Fast visual tracking by temporal consensus. J. Image
and Vision Computing, 14, 2, 105–114.

Gelb, A., editor (1974). Applied Optimal Estimation. MIT Press, Cambridge, MA.

Gelfand, A. and Smith, A. (1990). Sampling-based approaches to computing marginal
densities. J. Am. Statistical Assoc., 85, 410, 398–409.

Geman, S. and Geman, D. (1984). Stochastic relaxation, Gibbs distributions, and
the Bayesian restoration of images. IEEE Trans. on Pattern Analysis and Machine
Intelligence, 6, 6, 721–741.

Gennery, D. (1992). Visual tracking of known three-dimensional objects. Int. J.
Computer Vision, 7, 3, 243–270.

Giblin, P. and Weiss, R. (1987). Reconstruction of surfaces from profiles. In Proc.
1st Int. Conf. on Computer Vision, 136–144, London.

Golub, G. and van Loan, C. (1989). Matrix computations. Johns Hopkins.

Goncalves, L., di Bernardo, E., Ursella, E., and Perona, P. (1995). Monocular track-
ing of the human arm in 3D. In Proc. 5th Int. Conf. on Computer Vision, 764–770.

Gonzales, R. and Wintz, P. (1987). Digital Image Processing. Addison-Wesley.

Goodwin, C. and Sin, K. (1984). Adaptive filtering prediction and control. Prentice-
Hall.

Gordon, N., Salmond, D., and Smith, A. (1993). Novel approach to nonlinear/non-
Gaussian Bayesian state estimation. IEE Proc. F, 140, 2, 107–113.

Grenander, U. (1976–1981). Lectures in Pattern Theory I, II and III. Springer.

Grenander, U., Chow, Y., and Keenan, D. (1991). HANDS. A Pattern Theoretical
Study of Biological Shapes. Springer-Verlag. New York.

Grimson, W. (1981). From Images to Surfaces. MIT Press, Cambridge, USA.



324 Bibliography

Grimson, W. (1985). Computational experiments with a feature based stereo algo-
rithm. IEEE Trans. on Pattern Analysis and Machine Intelligence, 7, 1, 17–34.

Grimson, W. (1990). Object recognition by computer. MIT Press.

Grimson, W. and Lozano-Perez, T. (1984). Model-based recognition and localization
from sparse range or tactile data. Int. J. Robotics Research, 5, 3, 3–34.

Grimson, W., Lozano-Perez, T., Wells, W., Ettinger, G., White, S., and Kikinis, R.
(1994). An automatic registration method for frameless stereotaxy, image guided
surgery, and enhanced reality visualization. In Proc. Conf. Computer Vision and
Pattern Recognition, 430–436, Seattle, WA.

Hager, G. (1990). Sensor fusion and planning: a computational approach. Kluwer
Academic Publishers.

Hager, G. and Belhumeur, P. (1996). Real-time tracking of image regions with
changes in geometry and illumination. In Proc. IEEE Conf. Computer Vision and
Pattern Recognition, 403–410.

Hallam, J. (1983). Resolving observer motion by object tracking. In Proc. Int. Joint
Conf. Artificial Intelligence, 2, 792–798.

Hampel, F., Ronchetti, E., Rousseeuw, P., and Stahel, W. (1995). Robust Statistics.
John Wiley and Sons, New York.

Haralick, R. (1980). Edge and region analysis for digital image data. Computer
Graphics and Image Processing, 12, 1, 60–73.

Harris, C. (1990). Structure from motion under orthographic projection. In Faugeras,
O., editor, Proc. 1st European Conf. Computer Vision, 118–123. Springer-Verlag.

Harris, C. (1992a). Geometry from visual motion. In Blake, A. and Yuille, A., editors,
Active Vision, 263–284. MIT.

Harris, C. (1992b). Tracking with rigid models. In Blake, A. and Yuille, A., editors,
Active Vision, 59–74. MIT.

Harris, C. and Stennett, C. (1990). RAPiD — a video-rate object tracker. In Proc.
British Machine Vision Conf., 73–78.



Bibliography 325

Heeger, D. (1987). Optical flow from spatiotemporal filters. In Proc. 1st Int. Conf.
on Computer Vision, 181–190.

Heuring, J. and Murray, D. (1996). Visual head tracking and slaving for visual
telepresence. In Proc. IEEE Int Conf. Robotics and Automation, Minneapolis, May
1996, Los Alamitos, CA. IEEE Computer Society Press.

Hildreth, E. (1983). The Measurement of Visual Motion. MIT Press.

Hinton, G., Williams, C., and Revow, M. (1992). Adaptive elastic models for hand-
printed character recognition. Advances in Neural Information Processing Systems,
4.

Hogg, D. (1983). Model-based vision: a program to see a walking person. J. Image
and Vision Computing, 1, 1, 5–20.

Horn, B. (1986). Robot Vision. McGraw-Hill, NY.

Horn, B. and Schunk, B. (1981). Determining optical flow. J. Artificial Intelligence,
17, 185–203.

Huang, X., Arika, Y., and Jack, M. (1990). Hidden Markov Models for Speech Recog-
nition. Edinburgh University Press.

Huttenlocher, D., Noh, J., and Rucklidge, W. (1993). Tracking non-rigid objects in
complex scenes. In Proc. 4th Int. Conf. on Computer Vision, 93–101.

Ikeuchi, K. and Horn, B. (1981). Numerical shape from shading and occluding
boundaries. J. Artificial Intelligence, 17, 141–184.

Inoue, H. and Mizoguchi, H. (1985). A flexible multi window vision system for robots.
In Proc. 2nd Int. Symp. on Robotics Research, 95–102.

Isard, M. and Blake, A. (1998a). Condensation — conditional density propagation
for visual tracking. Int. J. Computer Vision.

Isard, M. and Blake, A. (1998b). A mixed-state Condensation tracker with automatic
model switching. In Proc. 6th Int. Conf. on Computer Vision.

Ivins, J. and Porrill, J. (1995). Active region models for segmenting textures and
colours. J. Image and Vision Computing, 13, 5, 431–438.



326 Bibliography

Jacobs, O. (1993). Introduction to control theory. Oxford University Press.

Jain, A. and Farrokhnia, F. (1991). Unsupervised texture segmentation using gabor
filters. Pattern Recognition, 24, 12, 1167–1186.

Kass, M., Witkin, A., and Terzopoulos, D. (1987). Snakes: Active contour models.
In Proc. 1st Int. Conf. on Computer Vision, 259–268.

Kaucic, R., Dalton, B., and Blake, A. (1996). Real-time liptracking for audio-visual
speech recognition applications. In Proc. 4th European Conf. Computer Vision, 376–
387, Cambridge, England.

Kendall, M. and Stuart, A. (1979). The advanced theory of statistics, vol 2, inference
and relationship. Charles Griffing and Co Ltd, London.

Kitagawa, G. (1996). Monte Carlo filter and smoother for non-Gaussian nonlinear
state space models. Journal of Computational and Graphical Statistics, 5, 1, 1–25.

Kitchen, L. and Rosenfeld, A. (1982). Grey-level corner detection. Pattern Recogni-
tion Letters, 1, 95–102.

Koenderink, J. (1990). Solid Shape. MIT Press.

Koenderink, J. and van Doorn, A. (1991). Affine structure from motion. J. Optical
Soc. of America A., 8, 2, 337–385.

Koller, D., Weber, J., and Malik, J. (1994). Robust multiple car tracking with occlu-
sion reasoning. In Proc. 3rd European Conf. Computer Vision, 189–196. Springer-
Verlag.

Kreysig, E. (1988). Advanced Engineering Mathematics. Wiley.

Kutulakos, K. and Valliano, J. (1996). Non-euclidean object representations for
calibration-free video overlay. In Ponce, J., Zisserman, A., and Hebert, M., editors,
Object Representation in Computer Vision II, Lecture Notes in Computer Science,
381–401. Springer-Verlag.

Landau, L. and Lifshitz, E. (1972). Mechanics and Electrodynamics, 1 of A Shorter
Course of Theoretical Physics. Pergamon Press.



Bibliography 327

Lanitis, A., Taylor, C., and Cootes, T. (1995). A unified approach to coding and
interpreting face images. In Proc. 5th Int. Conf. on Computer Vision, 368–373.

Lawn, J. and Cipolla, R. (1994). Robust egomotion estimation from affine motion
parallax. In Proc. 3rd European Conf. Computer Vision, 205–210.

Ljung, L. (1987). System identification: theory for the user. Prentice-Hall.

Lowe, D. (1991). Fitting parameterised 3D models to images. IEEE Trans. on
Pattern Analysis and Machine Intelligence, 13, 5, 441–450.

Lowe, D. (1992). Robust model-based motion tracking through the integration of
search and estimation. Int. J. Computer Vision, 8, 2, 113–122.

Lucas, B. and Kanade, T. (1981). An iterative image registration technique with an
application to stereo vision. In Proc. Int. Joint Conf. Artificial Intelligence, 674–679.

MacCormick, J. and Blake, A. (1998). A probabilistic contour discriminant for object
localisation. In Proc. 6th Int. Conf. on Computer Vision.

Marais, P., Guillemaud, R., Sakuma, M., Zisserman, A., and Brady, J. (1996). Visu-
alising cerebral asymmetry. In Visualisation in Biomedical Computing, Lecture notes
in Computer Science, 411–416. Springer-Verlag.

Marchant, J. (1991). Intelligent machinery for agriculture. Machine Vision and
Applications, 151, 177–186.

Mardia, K., Ghali, N., Howes, M., Hainsworth, T., and Sheehy, N. (1993). Techniques
for online gesture recognition. J. Image and Vision Computing, 11, 5, 283–294.

Marr, D. (1982). Vision. Freeman, San Francisco.

Marr, D. and Hildreth, E. (1980). Theory of edge detection. Proc. Roy. Soc. London.
B., 207, 187–217.

Matthies, L., Kanade, T., and Szeliski, R. (1989). Kalman filter-based algorithms
for estimating depth from image sequences. Int. J. Computer Vision, 3, 209–236.

Mayhew, J., Zheng, Y., and Cornell, S. (1992). The adaptive control of a four-degrees-
of-freedom stereo camera head. Phil. Trans. R. Soc. Lond. B., 337, 5, 315–326.



328 Bibliography

Medioni, G. and Yasumoto, Y. (1986). Corner detection and curve representation
using curve b-splines. In Proc. Conf. Computer Vision and Pattern Recognition,
764–769.

Menet, S., Saint-Marc, P., and Medioni, G. (1990). B-snakes: Implementation and
application to stereo. In Proceedings DARPA, 720–726.

Montanari, U. (1971). On the optimal detection of curves in noisy pictures. Commun.
ACM, 14, 5, 335–345.

Mumford, D. (1996). Pattern theory: a unifying perspective. In Knill, D. and
Richard, W., editors, Perception as Bayesian inference, 25–62. Cambridge University
Press.

Mundy, J. and Heller, A. (1990). The evolution and testing of a model-based object
recognition system. In Proc. 3rd Int. Conf. on Computer Vision, 268–282.

Mundy, J. and Zisserman, A. (1992). Geometric invariance in computer vision. MIT
Press.

Murase, H. and Nayar, S. (1995). Visual learning and recognition of 3D objects from
appearance. Int. J. Computer Vision, 14, 1, 5–24.

Murray, D. and Basu, A. (1994). Motion tracking with an active camera. IEEE
Trans. on Pattern Analysis and Machine Intelligence, 16, 5, 449–459.

Murray, D. and Buxton, B. (1990). Experiments in the machine interpretation of
visual motion. MIT Press.

Murray, D., Du, F., McLauchlan, P., Reid, I., Sharkey, P., and Brady, J. (1992).
Design of stereo heads. In Blake, A. and Yuille, A., editors, Active Vision, 303–336.
MIT.

Murray, D., McLauchlan, P., Reid, I., and Sharkey, P. (1993). Reactions to peripheral
image motion using a head/eye platform. In Proc. 4th Int. Conf. on Computer Vision,
403–411.

Nagel, H. (1983). Displacement vectors derived from second-order intensity variations
in image sequences. Computer Vision, Graphics and Image Processing, 21, 85–117.



Bibliography 329

Nagel, H. and Enkelmann, W. (1986). An investigation of smoothness constraints
for the estimation of displacement vector fields from image sequences. IEEE Trans.
on Pattern Analysis and Machine Intelligence, 8, 5, 565–593.

Noble, J. (1988). Finding corners. J. Image and Vision Computing, 6, 2, 121–128.

North, B. and Blake, A. (1998). Using expectation-maximisation to learn a dynamical
model for a tracker from measurement sequences. In Proc. 6th Int. Conf. on Computer
Vision.

O’Gorman, F. (1978). Edge detection using Walsh functions. J. Artificial Intelli-
gence, 10, 215–223.

Ohta, Y. and Kanade, T. (1985). Stereo by intra- and inter-scan line search using
dynamic programming. IEEE Trans. on Pattern Analysis and Machine Intelligence,
7, 2, 139–154.

Papanikolopoulos, N., Khosla, P., and Kanade, T. (1991). Vision and control tech-
niques for robotic visual tracking. In Proc. IEEE Int. Conf. Robotics and Automation,
1, 851–856.

Papoulis, A. (1990). Probability and Statistics. Prentice-Hall.

Papoulis, A. (1991). Probability, random variables and stochastic processes. McGraw-
Hall.

Pardey, J., Roberts, S., and Tarassenko, L. (1995). A review of parametric modelling
techniques for EEG analysis. Medical Engineering Physics, 18, 1, 2–11.

Pelizzari, C., Tan, K., Levin, D., Chen, G., and Balter, J. (1993). Interactive 3D
patient — image registration. In Proc. 13th Int. Conf. on Information Processing in
Medical Imaging, 132–141, Berlin, Germany.

Pentland, A. and Horowitz, B. (1991). Recovery of nonrigid motion and structure.
IEEE Trans. on Pattern Analysis and Machine Intelligence, 7, 730–742.

Perona, P. and Malik, J. (1990). Scale-space and edge detection using anisotropic
diffusion. IEEE Trans. on Pattern Analysis and Machine Intelligence, 12, 7, 629–639.



330 Bibliography

Petajan, E., Bischofy, B., Bodoff, D., and Brooke, N. (1988). An improved automatic
lipreading system to enhance speech recognition. In Soloway, E., Frye, D., and
Sheppard, S., editors, Proc. Human Factors in Computing Systems, 19–25. ACM.

Petitjean, S., Ponce, J., and Kriegman, D. (1992). Computing exact aspect graphs
of curved objects: Algebraic surfaces. Int. J. Computer Vision, 9, 231–255.

Plá, F., Juste, F., Ferri, F., and Vicens, M. (1993). Colour segmentation based on
a light reflection model to locate citrus fruits for robotic harvesting. Computers and
Electronics in Agriculture, 9, 1, 53–70.

Poggio, T., Torre, V., and Koch, C. (1985). Computational vision and regularisation
theory. Nature, 317, 314–319.

Pollard, S., Mayhew, J., and Frisby, J. (1985). PMF:a stereo correspondence algo-
rithm using a disparity gradient. Perception, 14, 449–470.

Ponce, J., Burdick, J., and Rimon, E. (1995). Computing the immobilizing three-
finger grasps of planar objects. In Proc. of the 1995 Workshop on Computational
Kinematics, 281–300.

Press, W., Teukolsky, S., Vetterling, W., and Flannery, B. (1988). Numerical Recipes
in C. Cambridge University Press.

Rabiner, L. and Bing-Hwang, J. (1993). Fundamentals of speech recognition. Prentice-
Hall.

Ramer, E. (1975). The transformation of photographic images into stroke arrays.
IEE Trans. CAS, 22,3, 363–374.

Rao, B., Durrant-Whyte, H., and Sheen, J. (1993). A fully decentralized multi-sensor
system for tracking and surveillance. Int. J. Robotics Research, 12, 1, 20–44.

Rao, C. (1973). Linear Statistical Inference and Its Applications. John Wiley and
Sons, New York.

Rehg, J. and Kanade, T. (1994). Visual tracking of high dof articulated structures:
an application to human hand tracking. In Eklundh, J.-O., editor, Proc. 3rd European
Conf. Computer Vision, 35–46. Springer-Verlag.



Bibliography 331

Reid, I. and Murray, D. (1993). Tracking foveated corner clusters using affine struc-
ture. In Proc. 4th Int. Conf. on Computer Vision, 76–83.

Reid, I. and Murray, D. (1996). Active tracking of foveated feature clusters using
affine structure. Int. J. Computer Vision, 18, 1, 41–60.

Reynard, D., Wildenberg, A., Blake, A., and Marchant, J. (1996). Learning dynamics
of complex motions from image sequences. In Proc. 4th European Conf. Computer
Vision, 357–368, Cambridge, England.

Rimon, E. and Blake, A. (1996). Caging 2D bodies by one-parameter, two-fingered
gripping systems. In Proc. IEEE Int. Conf. Robotics and Automation, 1458–1464.
IEEE Press.

Rimon, E. and Burdick, J. (1995a). A configuration space analysis of bodies in
contact — I 1st order mobility. Mech. Mach. Theory, 30, 6, 897–912.

Rimon, E. and Burdick, J. (1995b). A configuration space analysis of bodies in
contact — II 2nd order mobility. Mech. Mach. Theory, 30, 6, 913–928.

Ripley, B. (1987). Stochastic simulation. New York: Wiley.

Ripley, B. (1996). Pattern recognition and neural networks. Cambridge.

Ripley, B. and Sutherland, A. (1990). Finding spiral structures in images of galaxies.
Phil. Trans. R. Soc. Lond. A., 332, 1627, 477–485.

Roberts, L. (1965). Machine perception of three-dimensional solids. In Tippet, J.,
editor, Optical and Electro-optical Information Processing. MIT Press.

Rowe, S. and Blake, A. (1996a). Statistical feature modelling for active contours. In
Proc. 4th European Conf. Computer Vision, 560–569, Cambridge, England.

Rowe, S. and Blake, A. (1996b). Statistical mosaics for tracking. J. Image and Vision
Computing, 14, 549–564.

Scott, G. (1987). The alternative snake — and other animals. In Proc. 3rd Alvey
Vision Conference, 341–347.

Semple, J. and Kneebone, G. (1952). Algebraic projective geometry. Oxford Univer-
sity Press.



332 Bibliography

Shapiro, L., Zisserman, A., and Brady, J. (1995). 3D motion recovery via affine
epipolar geometry. Int. J. Computer Vision, 16, 2, 147–182.

Smith, A. (1996). Blue screen matting. In Proc. Siggraph, 259–268. ACM.

Sorenson, H. and Alspach, D. (1971). Recursive Bayesian estimation using Gaussian
sums. Automatica, 7, 465–479.

State, A., Hirota, G., Chen, D., Garrett, B., and Livingston, M. (1996). Superior
augmented reality registration by integrating landmark tracking and magnetic track-
ing. In Rushmeier, H., editor, Proc. Siggraph, Annual Conference Series, 429–438.
ACM SIGGRAPH, Addison Wesley. held in New Orleans, Louisiana, 04-09 August
1996.

Stork, D., Wolff, G., and Levine, E. (1992). Neural network lipreading system for im-
proved speech recognition. In Proceedings International Joint Conference on Neural
Networks, 2, 289–295.

Storvik, G. (1994). A Bayesian approach to dynamic contours through stochastic
sampling and simulated annealing. IEEE Trans. on Pattern Analysis and Machine
Intelligence, 16, 10, 976–986.

Strang, G. (1986). Linear algebra and its applications. Harcourt Brace.

Strang, G. and Fix, G. (1973). An analysis of the finite element method. Prentice-
Hall, Englewood Cliffs, USA.

Sullivan, G. (1992). Visual interpretation of known objects in constrained scenes.
Phil. Trans. R. Soc. Lond. B., 337, 361–370.

Taylor, M., Blake, A., and Cox, A. (1994). Visually guided grasping in 3D. In Proc.
IEEE Int. Conf. Robotics and Automation, 761–766.

Terzopoulos, D. (1986). Regularisation of inverse problems involving discontinuities.
IEEE Trans. on Pattern Analysis and Machine Intelligence, 8, 4, 413–424.

Terzopoulos, D. and Fleischer, K. (1988). Deformable models. The Visual Computer,
4, 306–331.



Bibliography 333

Terzopoulos, D. and Metaxas, D. (1991). Dynamic 3D models with local and global
deformations: deformable superquadrics. IEEE Trans. on Pattern Analysis and Ma-
chine Intelligence, 13, 7.

Terzopoulos, D. and Szeliski, R. (1992). Tracking with Kalman snakes. In Blake, A.
and Yuille, A., editors, Active Vision, 3–20. MIT.

Terzopoulos, D. and Waters, K. (1990). Analysis of facial images using physical and
anatomical models. In Proc. 3rd Int. Conf. on Computer Vision, 727–732.

Terzopoulos, D. and Waters, K. (1993). Analysis and synthesis of facial image se-
quences using physical and anatomical models. IEEE Trans. on Pattern Analysis
and Machine Intelligence, 15, 6, 569–579.

Terzopoulos, D., Witkin, A., and Kass, M. (1988). Constraints on deformable models:
recovering 3D shape and nonrigid motion. J. Artificial Intelligence, 36, 91–123.

Thompson, D. and Mundy, J. (1987). Three-dimensional model matching from an
unconstrained viewpoint. In Proc. IEEE Int. Conf. Robotics and Automation.

Tomasi, C. and Kanade, T. (1991). Shape and motion from image streams: a fac-
torization method. Int. J. Computer Vision, 9, 2, 137–154.

Tsai, R. (1987). A versatile camera calibration technique for high-accuracy 3D ma-
chine vision metrology using off-the-shelf TV cameras and lenses. IEEE J. of Robotics
and Automation, 3, 4, 323–344.

Turk, M. and Pentland, A. (1991). Eigenfaces for recognition. J. Cognitive Neuro-
science, 3, 1.

Uenohara, M. and Kanade, T. (1995). Vision-based object registration for real-
time image overlay. In Ayache, N., editor, Computer Vision, Virtual Reality and
Robotics in Medicine, Lecture Notes in Computer Science. Springer-Verlag. ISBN
3-540-59120-6.

Ullman, S. and Basri, R. (1991). Recognition by linear combinations of models. IEEE
Trans. on Pattern Analysis and Machine Intelligence, 13, 10, 992–1006.

Vaillant, R. (1990). Using occluding contours for 3D object modelling. In Faugeras,
O., editor, Proc. 1st European Conf. Computer Vision, 454–464. Springer-Verlag.



334 Bibliography

Vetter, T. and Poggio, T. (1996). Image synthesis from a single example image. In
Proc. 4th European Conf. Computer Vision, 652–659, Cambridge, England.

Waite, J. and Welsh, W. (1990). Head boundary location using snakes. British
Telecom Tech. J., 8, 3.

Waxman, A. and Wohn, S. (1985). Contour evolution, neighbourhood deformation,
and global image flow: planar surfaces in motion. Int. J. Robotics Research, 4,
95–108.

Wellner, P. (1993). Interacting with paper on the Digital Desk. Communications of
the ACM, 36, 7, 87–96.

Wildenberg, A. (1997). Learning and Initialisation for Visual Tracking. PhD thesis,
University of Oxford.

Williams, L. (1990). Performance-driven facial animation. In Proc. Siggraph, 235–
242. ACM.

Witkin, A., Terzopoulos, D., and Kass, M. (1986). Signal matching through scale
space. In 5th National Conference on AI.

Wloka, M. and Anderson, B. (1995). Resolving occlusion in augmented reality. In
Proc. Symposium on Interactive 3D graphics, 5–12.

Yuille, A. (1990). Generalized deformable models, statistical physics, and matching
problems. Neural Computation, 2, 1–24.

Yuille, A., Cohen, D., and Hallinan, P. (1989). Feature extraction from faces using
deformable templates. Proc. Conf. Computer Vision and Pattern Recognition, 104–
109.

Yuille, A. and Grzywacz, N. (1988). A computational theory for the perception of
coherent visual motion. Nature, 333, 6168, 71–74.

Yuille, A. and Hallinan, P. (1992). Deformable templates. In Blake, A. and Yuille,
A., editors, Active Vision, 20–38. MIT.

Zinkiewicz, O. and Morgan, K. (1983). Finite elements and approximation. Wiley,
New York.



Bibliography 335

Zucker, S., Hummel, R., and Rosenfeld, A. (1977). An application of relaxation
labelling to line and curve enhancement. IEEE trans. comp., 26, 4, 394–403.

Zuniga, O. and Haralick, R. (1983). Corner detection using the facet model. In Proc.
Conf. Computer Vision and Pattern Recognition, 30–37.





Author Index

Adjoudani, A., 22
Allen, P.K., 37
Aloimonos, J.Y., 21, 95
Alspach, D.L., 277
Amini, A.A., 22, 36, 139
Anandan, P., 22, 96
Anderson, B.D.O., 277
Anderson, B.G., 23
Arbogast, E., 68
Arika, Y., 254
Astrom, K.J., 210, 211, 278, 298
Ayache, N., 21, 22, 37
Azarbayejani, A., 23

Bajcsy, R., 21
Baker, H.H., 21, 233
Ballard, D.H., 21, 112, 113
Balter, J., 23
Bandyopadhyay, A., 21
Bar-Shalom, Y., 37, 139, 234, 277, 278
Barnett, S., 68, 156, 281, 293
Barsky, B.A., 68, 284
Bartels, R.H., 68, 284
Bascle, B., 6, 96, 113, 155, 181
Basri, R., 96
Basu, A., 113
Baumberg, A., 22, 113, 184, 254
Beardsley, P., 96

Beatty, J.C., 68, 284
Belhumeur, P.N., 21, 113
Bellman, R., 139
Bennett, A., 36
Benoit, C., 22
Bergen, J.R., 96, 112
Beymer, D., 184
Binford, T.O., 21
Bing-Hwang, J., 22, 210, 254, 279
Bischofy, B.J., 22
Bishop, C.M., 113, 277
Black, M.J., 22, 37, 96, 184
Blake, A., 7–9, 21, 22, 36, 67, 68, 95,

96, 113, 156, 211, 233, 254,
260, 278, 279, 309

Bobick, A.F., 23, 254
Bodoff, D.A., 22
Bolles, R.C., 37, 233, 277
Bookstein, F.L., 36, 68
Bracewell, R.N., 112
Brady, J.M., 17, 37, 96
Bray, A., 37
Bregler, C., 22, 184
Broida, T.J., 233
Brooke, N.M., 22
Brown, C.M., 21, 37, 66, 112, 113
Bruce, J.W., 184
Bucy, R.S., 277



338 Author Index

Bulthoff, H., 95
Burdick, J.W., 22
Burr, D.J., 36
Burt, P.J., 112
Buxton, B.F., 21, 95, 138
Buxton, H., 21, 95

Campbell, L.W., 23, 254
Campbell, R., 22
Canny, J., 21, 28, 112
Chellappa, R., 233
Chen, D.T., 23
Chen, G., 23
Chow, Y., 184, 278
Cipolla, R., 23, 36, 37, 67, 68, 95, 96,

309
Cohen, D.S., 36
Cohen, I., 22
Cohen, L.D., 36
Coombs, D., 37
Cooper, D.H., 36, 113, 184
Cootes, T.F., 21, 22, 36, 68, 113, 184
Cornell, S., 37
Cox, A., 22
Cox, I.J., 277
Craig, J.J., 96
Craw, I., 36
Crisman, Jill D., 113
Curwen, R., 13, 31, 36, 88, 90, 95, 211,

223, 224, 227, 233

Dalton, B., 14, 22
Davidson, C., 11, 22, 134
Demey, S., 96
Dempster, A., 254
Deriche, R., 37, 96, 113

de Boor, C., 68
Dickmanns, E.D., 22, 37, 233
di Bernardo, E., 22
Dodd, B., 22
Dreschler, L., 22
Dreyfus, S., 139
Du, F., 37
Duda, R.O., 277
Duncan, J., 22
Durrant-Whyte, H., 22, 37, 277

Elschlager, R.A., 36, 95
Enkelmann, W., 95
Essa, I., 22
Ettinger, G.J., 23

Farrokhnia, F., 112
Faugeras, O., 21, 37, 96, 303
Faux, I.D., 66, 184, 284
Faverjon, B., 21, 22, 66
Feiner, S.K., 22, 66, 95, 112, 113, 284,

303
Ferri, F., 22, 113
Ferrier, N.J., 7–9, 22
Finn, E.K., 22
Fischler, M.A., 36, 37, 95, 277
Fitzgibbon, A.W., 104
Fix, G.J., 36
Flannery, B.P., 68, 137
Fleischer, K., 36
Foley, J.D., 22, 66, 95, 112, 113, 284,

303
Forsyth, D., 66
Fortmann, T.E., 37, 139, 234, 277, 278
Freeman, W.T., 156
Frisby, J., 21



Author Index 339

Garrett, B., 23
Gee, A., 23, 37
Gelb, A., 37, 211, 234, 252, 277, 278,

298
Gelfand, A.E., 278
Geman, D., 278
Geman, S., 278
Gennery, D.B., 36, 233
Ghali, N.M., 23, 254
Giblin, P., 96, 184, 309
Golub, G.H., 184, 281
Goncalves, L., 22
Gonzales, R.C., 68, 137
Goodwin, C.G., 252
Gordon, N., 278
Graefe, V., 22, 37, 233
Graham, J., 36, 113, 184
Grenander, U., 21, 184, 278
Grimson, W.E.L., 21, 23, 37, 137
Grzywacz, N.M., 210
Guillemaud, R., 17

Hager, G., 37, 113
Hainsworth, T.J., 23, 254
Hallam, J., 37
Hallinan, P., 33, 36, 95
Hampel, F.R., 139
Hanna, K.J., 96
Haralick, R.M., 21, 112
Harris, C., 36, 37, 95, 96, 112, 137, 234
Hart, P.E., 277
Haslam, J., 22
Hebert, M., 21
Heeger, D., 95
Heller, A.J., 21
Herlin, I., 22

Hespanha, J.P., 113
Heuring, J.J., 23, 37
Hildreth, E.C., 21, 138
Hill, A., 22
Hingorani, R., 96, 112
Hinton, G.E., 36
Hirota, G., 23
Hogg, D., 22, 113, 184, 254
Horn, B.K.P., 95, 137, 138
Horowitz, B., 23
Howes, M., 23, 254
Huang, X.D., 254
Hughes, J.F., 22, 66, 95, 112, 113, 284,

303
Hummel, R.A., 21
Huttenlocher, D.P., 37

Ikeuchi, K., 137
Inoue, H., 137
Isard, M.A., 254, 278, 279
Ivins, J., 96, 112

Jack, M.A., 254
Jacob, G., 16, 198
Jacobs, O.L.R., 139, 277
Jain, A.K., 112
Jepson, A.D., 184
Juste, F., 22, 113

Kanade, T., 21, 23, 36, 37, 68, 95, 96,
112, 156, 233

Kass, M., 21, 36, 68, 95, 112, 139
Kaucic, R., 14, 22, 106, 108, 176, 180
Keenan, D.M., 184, 278
Kendall, M.G., 252, 300
Khosla, P.K., 37
Kikinis, R., 23



340 Author Index

Kitagawa, G., 278
Kitchen, L., 112
Kneebone, G.T., 95
Koch, C., 137
Koenderink, J.J., 96, 309
Koller, D., 22, 95, 113
Konig, Y., 22
Kreysig, E., 68
Kriegman, D.J., 66, 113
Kutulakos, K.N., 23

Laird, M., 254
Landau, L.D., 211
Lanitis, A., 21, 22, 36, 113, 184
Lawn, J.M., 95
Levin, D., 23
Levine, E., 22
Lifshitz, E.M., 211
Little, J., 95
Livingston, M., 23
Ljung, L., 252, 254
Lowe, D.G., 36, 95, 137
Lozano-Perez, T., 21, 23
Lucas, B.D., 112

MacCormick, J., 260, 278
Malik, J., 21, 22, 95, 113
Marais, P., 17
Marchant, J., 10, 22, 254
Mardia, K.V., 23, 254
Marimont, D.H., 233
Marinos, C., 95, 156
Marr, D., 21
Matthies, L.H., 37, 233
Mayhew, J., 21, 37
McLauchlan, P.F., 22, 37

Medioni, G., 36, 68, 95
Menet, S., 36, 68, 95
Metaxas, D., 36, 95
Mizoguchi, H., 137
Mohr, R., 68
Montanari, U., 21
Montgomery, A.A., 22
Moore, J.B., 277
Morgan, K., 36
Morris, J., 6, 13
Mumford, D., 21
Mundy, J.L., 21, 22, 36, 66, 95
Murase, H., 95
Murray, D.W., 12, 22, 23, 37, 96, 112,

113, 138

Nagel, H.H., 22, 95
Nayar, S.K., 95
Noble, J.A., 16, 112, 198
Noh, J.J., 37
North, B., 6, 20, 254

O’Gorman, F., 21
Ohta, Y., 21, 68
Omohundro, S.M., 22, 184
Owen, R., 22

Papanikolopoulos, N., 37
Papoulis, A., 68, 184, 211, 294
Pardey, J., 23
Peleg, S., 112
Pelizzari, C., 23
Pentland, A., 22, 23, 184
Perona, P., 21, 22
Petajan, E.D., 22
Petitjean, S., 66
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curve-fitting with corners, 132
factored sampling, 257
Fisher discriminant, 107
Kalman filter, 218, 220
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three-dimensional pose recovery,
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ambiguity in pose recovery, 143, 149
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aperture problem, 137
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ARP, see auto-regressive process
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215, 216, 220
augmented shape-space, 181
auto-correlation coefficients, 238, 244,

301
auto-regressive process

first order, 193, 297
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second order, 200, 225, 238, 261,
263, 299

average curve displacement, see also
norm

dynamic, 195, 208, 225, 227
static, 60, 62, 79, 163, 166

B-spline, 41, 284
norm, 47

background subtraction, 110, 113
backward difference, 298
basis

B-spline, 42, 284
PCA, 177
planar affine, 73, 78
shape-space, 74
three-dimensional affine, 89

Bayes’ rule, 160, 166, 265, 295
biometrics, 11
blue-screening, 17, 22, 277
Boltzmann distribution, 172
bootstrap filtering algorithm, 278
bootstrapping, 251, 269, 274
breakpoint, 41, 46, 287
Bresenham line algorithm, 112
Brownian motion, 188, 297

calculus of variations, 121
calibration, camera, 7, 84, 95
car tracking, 7, 196, 208
cardiac analysis, 15, 90
centroid, 63, 66, 75, 80, 152
chain

kinematic, 94, 306
Markov, 188, 210

classification of signals, 23

closed-loop steady state, 219
clutter resistance, see also background

subtraction
in target tracking, 278
problem, 18
using colour, 106
using dynamics, 134
using shape-space, 72
using validation gate, 224
using Condensation, 255, 262

coherence, 239
colour, 8, 82, 104, 113, 232
computational complexity, 66, 132, 220
Condensation, 4, 255, 259, 278
conditional distribution, 294
confidence region, 161, 163, 184, 188,

296
configuration vector, see shape-vector
constant velocity, 196, 206, 211, 219,

221
construction

of B-spline, 42, 284
of dynamical model, 207, 243
of shape-space, 69, 91, 153, 178,

303
continuous-time dynamics, 197, 205,

210, 230, 241, 247, 255, 297
control point, 53
control polygon, 54
control vector, 57
conversion between continuous- and

discrete-time, 298
convolution, 101, 112
coordinate vector, see control vector
corner

image feature, 101, 112, 131
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in B-spline, 54, 287
correlation, 105, 112
covariance

definition, 295
dynamic, 194, 205, 298
for validation gate, 220
form of curve-fitting algorithm,

131
static, 160, 176
static prior for dynamic model,

247
critical damping, 206
curve approximation

as projection, 52, 68
from measurements, 115, 127, 131,

132, 137
probabilistic, 159, 184, 257, 278
with outliers, 174

curve norm, 58, 68

damping, 200, 206, 225, 240
decay, 197, 240, 248, 297
decomposition

for pose recovery, 143, 145, 149
of rigid and non-rigid motion, 154

default dynamical model, 205
deformable template, 32, 36, 95, 136
deformation space, 190, 196, 207, 229
degeneracy of pose recovery, see

ambiguity in pose recovery
degree of B-spline, 41
density

conditional, 294
function, 294
Gaussian, 160, 184, 296
multi-modal, 255, 266, 267

non-Gaussian, 255, 277
observation, 160, 166, 169, 172,

215, 255, 258, 262, 295
posterior, 159, 166, 170, 215, 258,

295
prior, 160, 184, 215, 257, 295
process, 192, 193, 215, 297
propagation, 255, 259
spectral, 200, 298
state, 256, 262

deterministic model, 35
DFT, see Discrete Fourier Transform
diagonalisation of square matrix, 284
differential equation, see stochastic

differential equation
diffusion, 255
digital desk, 18, 23, 231
Discrete Fourier Transform, 109, 199
discrete-time dynamics, 190, 205, 210,

298
distraction, see clutter resistance
distribution, see also density

Boltzmann, 172
definition, 294
dynamical prior, 186, 190
Gaussian, 296
learning prior, 173
of curve shape, 159, 160
probabilistic framework for image

interpretation, 3
sampling from, 163

drift of random walk, 189, 195
dynamic contours, 34, 36, 213
dynamic programming, 139
dynamical model, 185, 235, 297
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edge feature, 26, 27, 101, 112
efficiency, see computational

complexity
eigenvalue, eigenvector, 283

for pose recovery, 142
of dynamical prediction matrix,

203, 248, 297
of shape covariance, 161, 177, 184

elasticity of snake, 28
ellipse, covariance, 161, 194
EM, see expectation–maximisation
energy

of motion model, 201, 211
of snake, 28, 97

envelope of AR process, 190, 205, 247
equilibrium equation for snake, 28
estimation

curve, see curve approximation
Euclidean

distance measure, 58
norm, 59, 79, 177, 282
similarity, 70, 75, 80, 118, 303

Euler angle, 143
evolution of state density, 213, 255,

278
expectation of random variable, 294
expectation–maximisation, 241, 254
extended Kalman filter, 277

factored sampling, 257, 278
factorisation

image-stream, 153, 156
of rigid and non-rigid motion, 154

feature curve, 97, 116, 137, 166, 169
feature detection, 21, 26, 97, 112
feature, image, see image feature

field of view, 85, 86, 141, 147
first-order AR process, 193, 297
first-order dynamical model, 188, 297

limitations, 196
Fisher discriminant, 105, 107, 113
Fisher information measure, 300
fitting, see curve approximation
focal length, 83, 95, 143
Fokker-Planck equation, 255, 278
frequency of periodic motion, 198, 206,

225, 238
function, B-spline, 42, 68, 284

gain, Kalman, 216, 234, 239
Gaussian

density, 160, 184, 296
distribution, 296
Markov process, 188
smoothing, 101

gesture recognition, 23, 254
Gibbs sampler, 278
grasp, 8, 22

harmonic motion, 200, 206, 207, 209,
230, 248

Hidden Markov Model, 22, 279
hinge in B-spline, 54, 287
hinged appendage, 93, 303
homogeneous coordinates, 22, 303
hue, 105, 113

image difference, 112, 113
image feature, 26, 97

corner fitting, 131
for Condensation, 265
probabilistic, 169, 172

image processing, 97, 137, 278
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image sequence, 188, 213, 238, 259
image-stream factorisation, 153, 156
implementation of B-splines, 287
importance sampling, 278
impulse response, 197, 200, 247
independence of measurements, 170,

172, 266
inertia

of B-spline, 80
of snake, 34

information, statistical, see statistical
information

initialisation, 63, 81, 95, 217, 220, 268
inner product, see norm
innovation, 124, 130, 173
interpolated image sampling, 99, 112
invariance, parameterisation, 59, 63,

65, 68, 80, 121
invariant norm, 122
invariant subspace, 117, 167, 173
isotropic prior, 161
iterative learning, see bootstrapping

JPDAF, 277

Kalman filter, 37, 213, 220, 233, 255
Extended, 277
for recursive fitting, 131
for snakes, 35

Kalman gain, 216, 234, 239
key-frames, 90, 153, 177
kinematic model, 93, 96, 303
knot, 42, 284
Kronecker product, 282

L2 norm, 47, 59, 79
L2 norm PCA, 178, 183, 184

Lagrangian dynamics, 36, 203, 211
learning

dynamical model, 235
Fisher discriminant, 105
prior for shape, 173

least-squares estimation, 51, 130, 139
likelihood, 160, 295

maximum, 175, 237, 252, 295, 300
limiting covariance, 193
linear requirement for shape-space, 69
linear scanning, 99
local invariance to parameterisation,

121
low-level vision, 21

magnitude of a vector, 282
Mahalanobis metric, 184
Markov chain, 188, 210
Markov Chain Monte-Carlo

simulation, 278
Markov process, 188, 193, 210
Markov Random Field, 184
mask, for feature detection, 26, 112
matching, see feature detection
matrix operations, 281
maximum a posteriori estimate, 166,

295
maximum likelihood estimate, 175,

237, 252, 295, 300
MCMC, see Markov Chain Monte

Carlo simulation
mean estimation, 242, 244, 254, 258
mean of random variable, 294
mean-square displacement, 161, 169,

172
mean-state equation, 193, 205, 297
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measurement error, 126, 264
measurement history, 213, 260
metric matrix

B-spline, 50, 292
curve, 58
shape-space, 79

metric, Mahalanobis, 184
mixture of Gaussians filter, 277
MLE, see Maximum Likelihood

Estimation
modal analysis, 248
model

constant velocity, 206
examples of dynamics, 208, 231
first-order dynamical, 188, 297
learning dynamics, 235
learning shape prior, 174, 184
limitations of first-order, 196
observation for Condensation,

262, 278
probabilistic feature, 169
probabilistic shape, 159, 184
second-order dynamical, 200, 201,

297
shape, 69

modular learning, 243
moments

estimation for Condensation,
262

for initialisation, 81, 95
in shape-space, 79
invariant, 65, 80
of curves, 63

morphological filtering, 113
MRF, see Markov Random Field
multi-modal density, 255, 266, 267

multi-variate Gaussian distribution,
296

multi-variate learning algorithm, 242
multiple control point, 54
multiple knot, 46, 54, 287
multiple-hypothesis filtering, 255, 277

nodal variable, 30
noise

in AR process, 197, 201, 207, 211,
297

in feature detection, 101, 170
resistance to, 117, 131

non-Gaussian density, 255, 277
non-linear filtering, 256, 277
non-linear shape models, 93, 95, 234
non-rigid motion, 90, 153, 176
norm

L2, 47, 59, 79
B-spline, 47
curve, 58, 68
Euclidean, 59, 79, 177, 282
parameterisation invariant, 122
shape-space, 79
weighted, 125

normal displacement, 62, 120, 122,
137, 162, 169

normal form for SDE, 299
normal variable, see Gaussian

distribution
normal vector search-lines, 98, 113,

122, 161, 266, 278, 292
normalisation

B-spline, 285
probability distributions, 294
vector, 282
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observation
density, 160, 166, 169, 172, 215,

255, 258, 295
error, 166, 225, 230, 241, 254
model, 169, 262, 278

occlusion, 88, 224, 264
open-loop steady state, 219
operator, image-feature, 26, 101, 112
optical flow, 21, 37, 81, 95
order of B-spline, 41
orthogonal matrix, 283
orthographic projection, 85, 141
oscillator, harmonic, 206, 209, 299
oscillatory motion, 200, 206, 247, 299
outlier, 130, 139, 172, 174

parallax, 149
parameterisation invariance, 59, 63,

65, 68, 80, 121
parameters

learning, 235, 252, 300
setting manually, 205, 225, 231

paraperspective, see weak perspective
partition of motion across

shape-space, 207, 230
partition of shape-space, 190, 196
pattern theory, 2, 21
PCA, see Principal Components

Analysis
PDAF, 277
PDM, see Point Distribution Model
performance of tracker, 220, 231, 250
periodic B-spline, 45, 53, 287
periodic motion, 197, 206, 239
perspective, 72, 81, 95

physical realisability of dynamical
model, 201, 211

point correspondence, 37
Point Distribution Model, 177, 184
Poisson process, 264
polar angles in pose recovery, 148
pole of dynamical model, 202, 297
pose recovery, 141

ambiguity, 143, 149
of planar object, 141–143, 156
three-dimensional, 149, 151, 153,

156
weak perspective, 147, 148

power spectrum, 197, 199–201, 211,
237, 298, 300

Principal Components Analysis, 176,
179, 183, 184

probabilistic model
dynamical, 185
observation, 169, 264
shape, 159, 184

projection
onto shape-space, 116, 118, 161,

207
propagation of state density, 205, 214,

255
pseudo-inverse, 68, 79, 118, 282

quadratic B-spline, 41

radius, spectral, 284
random sampling, 37, 163, 243, 255,

278
random variable, 294
random walk, 188, 278
rank of a matrix, 282
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RANSAC, 277
real-time tracking, 5, 31, 112, 139,

265, see also computational
complexity

realisability of physical model, 201,
211

recognition by synthesis, 3, 257
recovery, pose, see pose recovery
recursive least-squares, see

least-squares estimation
region-based image processing, 95,

101, 109, 112
regular B-spline, 42
regularised matching, 115, 118, 137,

160
reparameterisation invariance, see

parameterisation invariance
residual PCA, 178
resonant peak, 199, 201, 211, 238
Riccati equation, 194, 297
ridge feature, 27, 101, 112
rigid motion, 70, 153
RMS, see root-mean-square
robust estimator, 139, see validation

gate
robustness to clutter, see clutter

resistance
robustness to illumination, 109, 113
root-mean-square, 49

displacement, see average curve
displacement

rotation matrix, 283

sample
covariance, 175, 254
mean, 175

path, 193
point, 98, 123
set, 257

sampling
interpolated image, 99
random curve, 164, 257

scalar product, 281
SDE, see stochastic differential

equations
search region, 97, 131, 137, 162, 220,

221, 264
second-order dynamical model, 200,

201, 204, 238, 247, 299
segmentation, colour, 8, 81, 113
selectivity for motion, 250
shape-space, 69, 74, 95

examples, 75, 76
justification of linear, 93, 96

shape-vector, 69, 74
signal phase, 203, 238, 249
signal power, see power spectrum
signal processing, 68, 100, 112
silhouette curve shape-spaces, 309
similarity, see Euclidean similarity
simulated annealing, 278
singular matrix, see numerical

stability
Singular Value Decomposition, 149,

153, 154, 156, 284
singularity of planar pose recovery, 149
smoothing of tracked sequence, 278
smoothness

of B-spline, 46, 285, 287
of snake curve, 28, 30

snake, 2, 21, 26, 36, 233
space, see shape-space



Index 351

span, 41, 287
matrix, 46, 288, 291

spatial variance, 161, 167, 206
spectral

analysis, 197, 198, 211, 237, 298
radius, 284

spline, see B-spline
spline-vector, see control vector
square-root, matrix, 284
stability

numerical, 78, 134
of dynamical model, 193, 203, 206,

284, 298
of snake, 30

state-vector, 204
static curve-fitting, see curve

approximation
statistical information, 296

in dynamical approximation, 185,
214, 216, 234

in static approximation, 126, 131,
160, 166, 171

steady-state distribution
first-order, 193, 195, 196
second-order, 205–207, 230, 247,

254, 269, 301
stiffness of snake, 28
stochastic differential equations, 206,

211, 297
stochastic model, see auto-regressive

process; probabilistic shape
model; second-order
dynamical model; first-order
dynamical model

SVD, see Singular Value
Decomposition

synthesis
of model, see parameters, setting

manually
of sequence, see random sampling

telescopic appendage, 94, 307
template

intensity, see correlation matching
of default shape, 32, 70, 72, 74–76,

89, 120, 159
threshold

for outliers, see validation gate
in feature detection, 26, 101, 111

time to collision, 67
time-course, see impulse response
trace of matrix, 283
traffic monitoring, 6, 22, 95, 136, 208
training, see learning
translation

invariance to regularisation, 134,
168

unconstrained motion, 190, 196,
206, 207, 229

transpose of matrix, 282
tuning, see parameters, learning;

parameters, setting manually

uncertainty, see probabilistic model;
noise

unconstrained
Brownian motion, 188, 194

with drift, 195
shape prior, 173

underconstrained
measurement process, 134, 137,

138
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shape-space, 72, 93
uniform measurement sampling, 126
uniform shape prior, 161, 167
univariate learning, 236
unstable, see stable; underconstrained

validation gate, 130, 139, 172, 220, 233
validity

of orthographic projection, 85
of weak perspective, 84

valley feature, 27, 101, 112
variability, see covariance; spatial

variance
variance

of random variable, 294
vector

colour, 104
Fisher, see Fisher discriminant
magnitude, 282
normal, see normal vector

search-lines
operations, 281
product, 281
unit, 282

velocity initialisation, 219
virtual orthographic image, 147
viscosity of snake, 34
visibility, see occlusion

weak perspective, 81, 84, 95, 147
weight matrix, 117, see regularised

matching
weighted norm, 125
weighted sample, 257, 260
weighting, information, see statistical

information

weights, B-spline, 43, 53
white noise, 203, 297
Wiener process, 203
writing, dynamics of, 243

Yule-Walker equations, 252

zero of dynamical model, 202


