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Preface

The AMDO 2004 workshop took place at the Universitat de les Illes Balears
(UIB) on 22-24 September, 2004, institutionally sponsored by the International
Association for Pattern Recognition (IAPR), the MCYT (Comision Intermin-
isterial de Ciencia y Tecnologia, Spanish Government), the AERFAI (Spanish
Association for Pattern Recognition and Image Analysis), the EG (Eurograph-
ics Association) and the Mathematics and Computer Science Department of the
UIB. Also important commercial sponsors collaborated with practical demon-
strations; the main contributors were: Barco Electronics Systems (Title Spon-
sor), VICOM Tech, ANDROME Iberica, CESA and TAGrv.

The subject of the workshop was ongoing research in articulated motion
on a sequence of images and sophisticated models for deformable objects. The
goals of these areas are to understand and interpret the motion of complex
objects that can be found in sequences of images in the real world. The main
topics considered priorities are: deformable models, motion analysis, articulated
models and animation, visualization of deformable models, 3D recovery from
motion, single or multiple human motion analysis and synthesis, applications of
deformable models and motion analysis, face tracking, recovery and recognition
models, and virtual and augmented reality systems.

The main objective of this workshop was to relate on fields using computer
graphics, computer animation or applications in several disciplines combining
synthetic and analytical images. The use of new graphical user interfaces will
be very important in the near future; that means that convergence between
multidisciplinary areas will be necessary to reach new perceptual or multimodal
interfaces, including combination of several perspectives of the topics mentioned
above. In this regard it is of particular interest to encourage links between re-
searchers in the areas of computer vision and computer graphics who have com-
mon problems and frequently use similar techniques. The workshop included
several sessions of orally presented papers and three tutorials. We also had three
invited speakers treating various aspects of the main topics. These invited speak-
ers were: Prof. Bruce Draper from Colorado University (USA), Prof. Pere Brunet
from Polytechnics Catalonia University (UPC / Spain), and Prof. Richard Bow-
den from Surrey University (UK).

September 2004 Francisco J. Perales and Bruce A. Draper
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Using a Generalized Linear Mixed Model
to Study the Configuration Space
of a PCA+LDA Human Face Recognition
Algorithm

Geof H. Givens', J. Ross Beveridgez, Bruce A. Draperz, and David Bolme®

Statistics Department, Colorado State University
Fort Collins, CO, 80523 USA
2 Department of Computer Science, Colorado State University
Fort Collins, CO, 80523 USA

Abstract. A generalized linear mixed model is used to estimate how
rank 1 recognition of human faces with a PCA+LDA algorithm is af-
fected by the choice of distance metric, image size, PCA space dimen-
sionality, supplemental training, and the inclusion of test subjects in
the training data. Random effects for replicated training sets and for
repeated measures on people were included in the model. Results indi-
cate that variation among subjects was a dominant source of variability,
and that there was moderate correlation within people. Statistically sig-
nificant effects and interactions were found for all configuration factors
except image size. The most significant interaction is that dhanges to
the PCA+LDA configuration only improved recognition for test sub-
jects who were included in the training data. For subjects not included
in training, no configuration changes were helpful.

This study is a model for how to evaluate algorithms with large numbers
of parameters. For example, by accounting for subject variation as a ran-
dom effect and explicitly looking for interaction effects, we are able to
discern effects that might otherwise have been masked by subject varia-
tion and interaction effects. This study is instructive for what it reveals
about PCA+LDA.

1 Introduction

Proper configuration or tuning is a critical factor in making effective use of most
vision algorithms. Virtually all algorithms have a configuration space, and it is
well understood performance varies with different configuration choices. There
are a variety of approaches to configuration. Perhaps the most obvious and most
common is semi-structured exploration: the developers of the algorithm run the
algorithm, examine results, make changes, and repeat until they are satisfied.
Somewhat more rigorous is iterative refinement with an objective performance
standard as illustrated by the work of Bowyer [1].

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 1-11, 2004.
© Springer-Verlag Berlin Heidelberg 2004



2 Geof H. Givens et al.

We advocate designing experiments, collecting performance data, and ap-
plying statistical tools to determine how configuration choices influence perfor-
mance. We apply this approach here to understand the configuration space of an
interesting human face recognition algorithm. The statistical tool is a generalized
linear mixed model. The face recognition algorithm uses principal components
analysis (PCA) followed by linear discriminant analysis (LDA) and is based
closely on the work of Zhao [2].

The use of the generalized linear mixed model in this context provides several
very important features lacking from simpler approaches. First, it permits us to
model what are called fixed effects that are attributable to various algorithm
configuration choices. These include factors such as image size and the selection
(or generation) of training data. Second, it also permits us to model random
effects that influence performance but are not under our direct control. A good
example of a random effect is subject identity.

Accounting for random effects due to subject identity is particularly impor-
tant in domains such as human face recognition. Some individuals are harder
to recognize than others, but we are seldom afforded the luxury of choosing to
only recognize the easy ones. Thus, a large source of variation in observed per-
formance is attributable to a recorded variable that is not under our control. In
simpler models that do not explicitly account for random effect, variation among
subjects can easily obscure other effects.

2 Image Pre-processing

Data pre-processing is arguably as important as any other aspect of an algo-
rithm. In the experiments presented below, the face imagery is pre-processed
in essentially the same fashion as in the FERET tests [3, 4]. Specifically, the
following pre-processing steps are applied to images:

. Integer to float conversion.

. Geometric normalization to align hand-picked eye coordinates.

. Cropping to an elliptical mask centered on the face.

. Histogram equalization of non-cropped pixels.

. Pixel normalization so that every image has a mean of zero and a standard
deviation of one.

DN BN W N =

Optional pre-processing steps considered as part of the configuration space
include:

Adding zero mean Gaussian noise to each pixel.

Reflecting the image around the vertical axis. This creates a mirror-image
of the original face.

Shifting the image left, right, up or down.

Reducing the image size by a factor of two.
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3 The PCA+LDA Algorithm

The PCA+LDA human face recognition algorithm considered in this study is
based upon the work of Zhao [2]. It processes a set of training images and
builds a PCA subspace as in the standard Eigenfaces algorithm [5]. The training
images are projected into the PCA subspace and grouped according to subject
identity. Each subject is treated as a distinct class and the LDA basis vectors are
computed. In the experiments that follow, training is performed on 64 randomly
selected subjects with 3 images each. Thus, the maximum possible dimensionality
of the PCA space is 192, and one of the configuration choices involves how
many of these to retain. Since there are 64 subjects, LDA generates 63 Fisher
basis vectors. The two linear projections are then composed, yielding a single
projection from image space into the PCA+LDA space.

In the testing phase, the PCA+LDA algorithm reads the subspace basis
vectors generated during training, projects test imagery into this subspace, and
measures distances between image pairs. Two distance measures are considered
in the experiments below. The first is the standard L2 norm {£2). The second is
a heuristic distance measure defined by Zhao [2] called Soft L2 (Ls,f:). Formally,
these two distance measures are defined as:

N N
L2(A,B) =Y (4 - By)® Lsost (4,B) = > (W) (4 - B:)® (1)

i=1 1=1

where J; is the ith eigenvalue from the the solution of the generalized eigenvector
problem associated with finding the fisher basis vectors [6].

4 Experimental Design

This study used 1,024 pre-processed images of 256 FERET subjects. The choice
of subjects is based upon the data available: there are 256 FERET subjects
with at least 4 frontal images. These images are divided into training, gallery
and probe sets. Training images are used to define the PCA+LDA space. Probe
images are test images to be identified. Gallery images are the stored images
that probe images are compared to. For every subject, one image is selected
as the probe image and one of the other three images (selected at random on
each trial) is the gallery image. When a subject is used for training, all three
non-probe images are training images. Note that whether the sets of gallery and
training subjects are disjoint is a configuration parameter.

The response variable is the recognition rank for a given subject and con-
figuration of the algorithm. The PCA+LDA algorithm sorts the gallery images
according to their distance from the probe image; recognition rank is the posi-
tion of the subject’s gallery image in this sorted list. Thus a recognition rank
of 1 indicates that a nearest neighbor classifier will correctly match the subject
to their gallery image. A recognition rank of 2 indicates that one imposter ap-
pears more similar to the probe image than the subject’s gallery image does.
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Any recognition rank larger than 1 suggests an algorithm will do a poor job of
recognizing the subject.

One of the most important aspects of algorithm configuration is training. In
these experiments, training images were drawn from the 3 non-probe images of
each subjects. For each test, the PCA+LDA algorithm was trained on ;11- of the
subjects. Thus, the algorithm was trained on 192 images, 3 images for each of
the 64 randomly selected subjects. An additional 192 images were added to the
training in some trials to see if supplementing the training with altered versions
of training images improves performance. Three specific sources of supplemen-
tal imagery were used (note that in all three cases one supplemental image is
generated for each training image):

1. Reflect each image horizontally about its mid-line.

2. Add independent mean zero Gaussian noise (with a standard deviation of
2% of the dynamic range of the image) to the grey-scale value of each pixel
in each image.

3. Shift each image left by one pixel.

The entire training procedure using 64 randomly selected subjects was itself
replicated 8 times in order to determine how much the exact choice of training
subjects matters.

The change in the size of the training set from 192 images without supple-
mental training to 384 with supplemental training is particularly important if it
affects the dimensionality of the PCA space used for discrimination. Therefore,
this dimensionality was explicitly controlled by setting it to either 114 eigenvec-
tors (60% of 191 or 30% of 383) or the number of eigenvectors that comprise
90% of the energy, denoted Eggo, [7]. Typical values of k& using the Ejgge; rule to
truncate the eigenspace ranged from 64 to 107.

To test the effect of gallery image choice on algorithm performance, each
probe was tested on 30 different gallery sets. These galleries were generated
by randomly selecting 1 of the remaining 3 images per subject. The same 30
randomly generated gallery sets were used throughout the entire experiment.

The tests in this experiment were run using the standard L2 norm and the
Lsof: measure proposed by Zhao [2] and defined above in equation 1. It was also
brought to our attention in discussions with Zhao that performance may benefit
from reducing the image size prior to recognition. Thus, two different image sizes
were tested: the FERET standard size (130 x 150) and smaller images with ;11- as
many pixels (65 x 75).

One additional variable was observed in this experiment: whether a particular
probe had been included in the training set used in each test. Since there were
256 probes and 64 subjects in the training set, only 25% of probes were included
in any training set.

The experimental design was a balanced complete factorial; in other words,
we ran each choice in every combination. This results in 8 x 30 x 4 x 2 x 2 X
2 = 7680 attempts to recognize each probe image under different circumstances.
A summary of the configuration and replication factors used in this experimental
design is given in Table 1.
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Table 1. Summary of the configuration and replication factors used in the experi-
mental design

Factor Index Values

Training Set t 0,...,7

Gallery Set g 0005529

Probe Image p 0,...,255

Training Set Supplement u None, Shift, Reflection, or Noise

Metric m  Standard or Soft L2,i.e. L2 or Lsost
PCA Space Dimension d 114 or Egge

Image Size s Standard (130 x 150) or Small (65 x 75)
Training Set Inclusion Flag f No or Yes

5 The Model

Let Ripgusmas represent the recognition rank when the pth probe image of the st"
size and f** value of the training set inclusion flag is matched to the g** gallery,
using an algorithm with the m** metric limiting the PCA discrimination space
in the d® manner, when the algorithm is trained on the #** baseline training
set with the u** type of training set supplementation. Then let Yipusmas be the
number of gallery sets for which Rypgusmdsr = 1. Note that 0 < YVipusmar < 30.

We model Yipusmds as a binomial random variable, namely Yipusmar ~
Bin(30, ptpusmds). The probability of rank 1 recognition (namely pipusmdr) 1S
modeled as:

log —22umd [ 4 Uy + + My + Dg+ 2Li(p) + 1o + T + (UM )um +
1- Ptpusmdf
(UF)us + (UD)ug + (MF)ms + (MD)ma + (DF)4s +
(MDF)mas (2)
where
L is the grand mean
U. is the effect of including the u** supplement to the training set
M, is the effect of using the m** distance metric
Dy is the effect of the dt* strategy for limiting PCA dimensionality
Fy is the effect of the f** option for including a probe in the training
set
(UM)ym, ... are 2- and 3-way interactions between main effects
T is the random effect of the t** set of people used for training, and
Tp is the random effect of the p** probe image.

Commonly log (p/(1 — p)) is termed the logit transformation.

We are interested in the amount of variability in rank 1 recognition rate at-
tributable to the training set, but the 8 training sets used in our experiment
are merely a random sample from the variety of sets that might have been
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used. Therefore, we fit 7z ~ N (0, af) as independent random effects. Using the
same rationale, we modeled the 7, as mean zero normal random effects with
constant variance (¢2), but with a more complex covariance structure. In par-
ticular, results from matching the same probe image in different circumstances
are probably more correlated than matching different probe images. We assumed
a compound symmetric covariance structure, which allows correlation p between
any pair of Yipusmas corresponding to the same probe image. Results for different
probe images were modeled as independent. Thus, the model accounts for the
possibilities that some training sets were more effective than others and that
some probes were ‘easier’ than others. It also allows for correlation induced by
repeated measurement of the same probes under different experimental condi-
tions.

This model is a generalized linear mixed model [8], or more precisely a mixed
effects logistic regression with repeated measures on subjects. Such models can
be fit routinely using restricted pseudo-likelihood or the MIVQEUO method [9,
10, 11, 12].

6 Results

We originally fit a larger model including the main effect for image size and all its
two-way interactions. A major finding of our study was that image size did not
significantly affect rank 1 recognition rate, either overall or in any interaction.
Through a sequence of model fitting steps, we removed all image size terms from
the original model (and added the three-way MDF interaction) to obtain the
final fitted model given in (2).

On the logit scale, the random training sets accounted for virtually no vari-
ability in rank 1 recognition rate. Any randomly selected training set of this size
is as good as any other. Also on the logit scale, the correlation between probes
of the same person under different conditions was about 0.70. Thus our find-
ings strongly support the conclusion that some people are harder to recognize
at rank 1 than others, and that this variation accounts for the majority of the
total variability in rank 1 recognition rate on the logit scale.

The best configuration (among those tested) of the PCA+LDA algorithm
used the Lgsqp: distance metric with PCA dimensionality set at 60% of the
number of eigenvectors and supplementing the training set with shifted images.
Estimated probability of rank 1 recognition for this configuration was .87 for
subjects included in the training set and .75 for those who were not. In compar-
ison, the estimated probabilities were .77 and .74, respectively, for the ‘baseline’
PCA+LDA configuration that use the standard £ distance metric and no train-
ing supplementation.

The main focus of our study is the estimation of the main effects and interac-
tions included in (2). These allow us to quantify how changes to the PCA+LDA
configuration affect estimated probability of rank 1 recognition. Table 2 shows
tests of the statistical significance of the various fixed effects. Figures 1 and 2
show the various estimated effects, as described in more detail in the rest of this
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1

L

1

i

Pr[Rank 1 Recognition]
0.60 0.65 0.70 0.75 0.80 0.85 0.90

Nc;ne Heﬂetl:tions Nolise Sh}ﬁs
Training Supplement

Fig. 1. Effect of training set supplementation on predicted probability of rank 1 recog-
nition. See the text for codings for color, shape, fill, and line type

Table 2. Table of significance of model effects and interactions based on approximate
F-tests

Effect Label (Num.) d.f. F value p-value
Training Supplement U 3 139.1 <.0001
Distance Metric M 1 1087.8 <.0001
PCA Dimensionality D 1 936.6 <.0001
Training Inclusion Flag F 1 333.8 <.0001
U x M Interaction UM 3 14.2 <.0001
U x F Interaction UF 3 67.0 <.0001
U x D Interaction UD 3 41.5 <.0001
M x F Interaction MF 1 717.6 <.0001
M x D Interaction MD 1 59.1 <.0001
D x F Interaction DF 1 703.7 <.0001
M x D x F Interaction MDF 1 5.04 .0248

section. The threshold for statistical significance in these figures is substantially
smaller than the magnitude of difference that would be scientifically important
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0.80 0.85 0.90

Pr[Rank 1 Recognition]

060 0.65 070 0.75

L2  SoftlL2 No Yes 114  E(90%)
Distance Metric  Probe in Training Set? PCA Dimension

Fig. 2. Effects of distance metric, PCA dimensionality, and inclusion of the probe in
the training set on predicted probability of rank 1 recognition. See the text for codings
for color, shape, fill, and line type. There is no line type variation in the right panel
because PCA dimensionality is labeled on the horizontal axis

in the context of human identification problems. Therefore it suffices to examine
these figures for interesting effects with the understanding that any interesting
effect would be statistically significant according to a simple F-test. The sig-
nificance threshold is so small because the large sample size provides a lot of
discriminatory power.

Figures 1 and 2 employ a consistent labeling to illustrate the results. Color
indicates training supplement (orange for none, green for reflections, red for
noise, and blue for shifts). Shape indicates distance metric (square for standard
L and circlefor Lg,y¢:). Fill indicates whether a probe is included in the training
set (solid fill for yes and hollow for no). Finally, PCA dimensionality is indicated
by line type (solid lines for 114 and dashed for Eggs).

Figure 1 shows the effect of training set supplementation on predicted prob-
ability of rank 1 recognition. Overall, adding shifted images was best and adding
reflected images was actually worse than no supplementation. This refutes a hy-
pothesis we originally held that reflections were effectively equivalent to shifts
due to the rough horizontal symmetry of human faces. This figure also illustrates
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the interaction between the training set inclusion variable and supplementation
type: the improvement or interference provided by training set supplementation
was substantial only for recognition of probes that were included in the training
set.

The left panel of Figure 2 shows the effect of distance metric on predicted
probability of rank 1 recognition. Overall, the soft L2, £s,¢:, metric was superior,
but this difference was mostly limited to instances when the probe was included
in the training set. When training did not include the probe, very little was
gained by switching from L2 to Lgef:. This is the significant interaction.

The effect of including the probe in the training set is further shown in the
center panel of Figure 2. Somewhat surprisingly, the overall effect of training
set inclusion on predicted probability of rank 1 recognition was only slightly
positive. There was an important three-way interaction with distance metric
and PCA dimensionality which can be described as follows. The effect of training
set inclusion was always positive when the PCA dimensionality was limited to
114. When the PCA dimensionality was set at Egge, the effect of training set
inclusion depended on the choice of metric: positive effectfor Lgo: and negative
for standard £;. A definitive explanation for why inclusion of the probe in the
training set actually impeded recognition when using the Lgof: with Egges PCA
eigenvectors eludes us.

The right panel of Figure 2 shows the effect of PCA dimensionality on pre-
dicted probability of rank 1 recognition. Overall, the use of Egqez PCA eigenvec-
tors was inferior to fixing 114 eigenvectors. Since Egge, was virtually always less
than 114, it is perhaps not surprising that this configuration was inferior. Again
a significant interaction can be seen: the negative effect was mostly confined to
probes that were included in the training set.

An important broader conclusion can be distilled from the details above.
Variations in distance metric, PCA dimensionality, and training set supplemen-
tation exemplify the many sorts of strategies employed by researchers to improve
the performance of the basic PCA+LDA algorithm. Such strategies appear to
span a conceptual dimension with opposing approaches at each extreme. Direct
manipulation of the training lies at one extreme (eg. training supplementation)
and changes in discriminatory strategy of the algorithm lies at the other extreme
(eg. changing the distance metric). Both ends of the spectrum are motivated by
the hope that such changes will improve recognition for probes not used in train-
ing. Our results firmly establish that none of these strategies succeed in this goal.
On the other hand, our results also show that either end of the strategic spec-
trum can yield improved results on probes that are included in the training set.
Changes to the algorithm provide about twice the improvement as changes to
the training.

7 Discussion

Since all the tested variations in the baseline configuration of the PCA+LDA
algorithm only improved rank 1 recognition for probes that were included in the
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training set, our results raise several important questions. First, the earlier work
of Zhao indicated the soft-L.2 measure would improve performance for subjects
not in the training set. The discrepancy between our findings and Zhao’s suggests
more work may be needed before this matter is fully understood. Second, and
more broadly, how might one best configure a PCA+LDA algorithm to enhance
performance for such subjects.

Another avenue of future work might consider alternate and more gener-
ous definitions of recognition success. For example, do our results hold when a
‘success’ is defined as ranking the correct gallery image at rank 10 or higher? Al-
though our statistical methodology could be applied equally well to such a prob-
lem, the FERRET data are not very suitable for such an analysis. About 47%
of the 65,536 attempts at recognition under different configurations and training
resulted in a rank 1 match for all 30 galleries; the overall frequency of rank 1
matches was 76%. If the response variable in our analysis were changed to, say,
rank 10 recognition, the outcomes would be skewed even more toward successful
matches and the reliability of the inference would be decreased, all else being
unchanged.

The randomness inherent in our outcome—rank 1 recognition—is generated
by the repeated testing of probes under 30 different galleries. In a real applica-
tion, similar randomness applies to probe images as well. The advantage of the
experimental design used here is that the binomial sample size parameter can
be set quite large (we chose 30). Consequently, the Yipusmas are very informative
about the recognition rate parameter, Pegpusmds. An alternative experimental de-
sign would have been to fix a single gallery and to test different probe images of
the same person. In the FERRET data, however, there are only a small number
of frontal images for most subjects. Thus, the observed recognition rate for each
individual subject is less informative. When we have access to a large data set
with many replicates per subject, we plan to run such an analysis varying probe
presentation.

8 Conclusion

The results presented here represent one of the largest tuning studies of a signif-
icant face recognition algorithm on record. As an exercise in advancing the state
of experiment design, it is great success. For example, the existence of strong
interactions between whether a subject is in the training set and whether the
algorithm does better or worse is expected, but characterizing this dependence
in clear quantitative terms is significant. As to what this study tells us about
our ability to significantly alter, in particular improve, algorithm performance,
the results are somewhat disappointing. Clearly, there is a need for additional
study of the PCA+LDA algorithm in order to truly demarcate those factors
of algorithm configuration that may, in future, prove to significantly improve
performance. At a minimum, such studies should adhere to the standards estab-
lished here.
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Discrete Techniques for Real-Time Inspection
and Interaction in Virtual Reality

P. Brunet
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Abstract. Virtual Reality (VR) Systems allow immersive inspection of
very complex environments, with direct interaction with the objects in
the virtual scene. Low cost and affordable VR systems are becoming es-
sential in application areas like Industrial Design, Medical Applications
and Cultural Heritage. The specific requirements in these areas will be
discussed, together with the advantages of using VR devices and immer-
sive inspection techniques.

Discrete geometric models can very useful for some involved geometry
processing algorithms like model repair, occlusion culling and mutires-
olution and level of detail. The interest of these techniques and their
potential in present and future VR applications will be discussed. The
talk will also address the present limitations and future perspectives of
VR techniques in medicine, industrial design and cultural applications.
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Progress in Sign and Gesture Recognition
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Abstract. Sign Language is a visual language (without a conventional
written form) and consists of 3 major components, 1) Fingerspelling
— used to spell words on a letter by letter basis, 2) Word level sign
vocabulary — used for the majority of communication, 3) Non manual
features — Facial expressions, tongue/mouth position and body posture
used to modify sign meaning. Todate no system exists which has sufficient
reliability and vocabulary to convert sign to speech at the level required
for translation. This talk will present our work towards this goal. The
talk will cover static pose recognition and tracking of the human hand,
followed by the use of boosting for head and hand detection. It will be
shown how prior statistical models of body configuration can be used
to locate body parts, disambiguate the hands of the subject and predict
the likely position of elbows and other body parts. Finally, it will be
shown how these components are combined in a novel two-stage classifier
architecture that provides a flexible monocular vision system capable
of recognising sign lexicons far in excess of previous approaches. The
approach boasts classification rates as high as 92 training instance per
word, outperforming previous approaches where thousands of training
examples are required.
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A Haptic Sculpting Technique
Based on Volumetric Representation

Laehyun Kim and Se Hyung Park
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Abstract. We present a novel haptic sculpting technique where the user
intuitively adds to and carves out material from a volumetric model us-
ing virtual sculpting tools in the similar way to handling real clay. Haptic
rendering and model deformation are implemented based on volumetric
implicit surface extracted from geometric model. We enhance previous
volume-based haptic sculpting systems. Collision and force computation
are implemented on an offset surface rather than the implicit surface to
provide consistent contact sensation in both visual and haptic displays.
In order to bridge the gap between fast haptic process (1 KHz) and much
slower visual update frequency ( 30Hz), the system generates intermedi-
ate implicit surfaces between two consecutive physical models being de-
formed resulting in smooth force rendering. Magnetic surface established
between an offset and the implicit surface is used to simulate a feeling
of pulling in adding operation. The volumetric model being sculpted is
visualized as a geometric model which is adaptively polygonized accord-
ing to the surface complexity. We also introduce various visual effects
for the real-time sculpting system including mesh-based solid texturing,
painting, and embossing/engraving techniques.

Keywords: Haptic sculpting, Volumetric implicit surface, Interactive
shape modeling, Haptic rendering

1 Introduction

By sculpting 3D digital models in virtual environment, we can easily create
the desired model. In addition, haptic interface allows the user to perform the
sculpting process in a natural way using the sense of touch. In recent years,
many haptic sculpting systems have been proposed for virtual design, art, or
surgical training. FreeForm [5] is the first commercial haptic sculpting system
from SensAble. However, they still have many limitations for realistic sculpting.

In this paper, we introduce volume-based haptic sculpting techniques to at-
tack these limitations as follows:

— Using existing geometric models as an initial volumetric model in the sculpt-
ing process instead of simple volumetric models such as box, sphere, and
cylinder.

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 14-25, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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(a) (b)

Fig. 1. A key holder created by our haptic sculpting system. (a) front side (b) back
side

— Maintaining shape features of volume model being sculpted using an adaptive
polygonization method in which the generated mesh is adapted to surface
complexity.

— Smooth force rendering by directly simulating intermediate implicit surfaces
created by interpolating potential values between two consecutive physical
models being sculpted.

— Simulating the pulling (adding) operation using virtual magnetic surface
which attracts the tool tip within magnetic field established between the
implicit surface and an offset surface.

— Simulating internal material properties including stiffness and color saved
into a volumetric representation.

— Visual effects, such as mesh-based solid texture and painting operation.

Fig. 1 shows a key holder with KIST and AMDO logos created by our haptic
sculpting system.

Our haptic system consists of two basic parts: the visual and haptic processes
run on a PC with dual Intel Xeon 2.4-GHz CPUs, 1 Gbyte of RAM, and FireGL
X1 video card. The visual rendering implementation (including simulation) is
OpenGL based and a 3-DOF Phantom haptic device for haptic display.

We proceed with a discussion on previous related work in section 2 and
implicit surface in section 3. Section 4 discusses our haptic model and section 5
describes our volume-based haptic sculpting techniques. Visual effects including
mesh-based solid texturing and painting are described in section 6. We conclude
and suggest future work in section 7.

2 Related Work

2.1 Haptic Rendering Algorithm for Stiff Objects

Traditional haptic rendering methods can be classified into roughly three groups
according to the surface representation used, such as geometric, volumetric (in-
cluding implicit), or parametric.

One approach for the geometric models is the constraint-based method. Zilles
and Salisbury [21] introduced a constraint-based “god-object” method in which
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the movement of a god-object (a virtual contact point on the surface) is con-
strained to stay on the object’s surface. Ruspini et al. [16] proposed a more
general constraint-based method and simulating additional surface properties
such as friction and haptic texture.

In the haptic rendering for volumetric data, the force field is computed di-
rectly from the volume data without conversion to geometric model. A haptic
rendering algorithm for volumetric data was introduced by Avila and Sobiera-
jski [1]. They used the gradient of the potential value to calculate the direction
of the force and the amount of force was linearly proportional to the potential
value.

Kim et al. [8] used a hybrid surface representation which is a combination of
geometric model for visual rendering and implicit surface for haptic display to
take advantage of both data representations.

Thomson et al. [18] introduced a haptic system to directly render NURBS
model using the advantage of mathematical properties of parametric surface
representation.

2.2 Force Rendering on 3D Model Being Sculpted

While sculpting, typically, visual frequency ( 30 Hz) is much slower than haptic
update rate (1 KHz). This performance gap makes the force rendering discon-
tinuous if the force is computed directly on the physical surface being sculpted.

In order to smooth the force rendering, [4] and [12] use spring-based force
established between the initial contact point on the surface and tool tip position.
The user can move the tool tip freely and force computation is independent of
the surface.

Another method is “proxy blending” [17] which smoothly interpolates the
goal point from old proxy point constrained on the old model to the new proxy
point on the new surface. During the blending period, the user can not adjust
the blending speed and direction since the new surface should be defined when
the blending starts.

2.3 Volume-Based Sculpting System

Galyean and Hughes [6] introduced a voxel-based approaches to volume sculpt-
ing that used the marching cube algorithm to display the model. Barentzen [2]
proposed to use octree-based volume sculpting to reduce the memory require-
ment. However, these approaches have limitation such as low resolution due to
the data size of the volume, or the large number of triangles for the displayed
surface. In order to address these limitation, multi-resolution [7] and adaptive
approaches [14] have been suggested resulting in high image quality with less
number of triangles.

Mouse-based computer interface in the 3D sculpting system is unnatural and
inefficient inherently. Avila [1] introduced a volume-based haptic sculpting sys-
tem which allows the user to intuitively sculpt a volumetric data using a haptic
interface.
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(a) (b) (c)

Fig. 2. Surface representation in our system (a) original geometric model. (b) volu-
metric implicit surface extracted from (a) using a closest point transform. (c) geometric
model created from (b) using an adaptive polygonization method

3 Implicit Surface

We now briefly describe some of the properties of the implicit surface represen-
tation that are used for our haptic rendering algorithm. The implicit represen-
tation of the external surface S of an object is defined by the following implicit
equation [3]:

§={(zy,2) € Rslf(:lj, y,z) =0}

where f is the implicit function (also called potential), and (z,¥, z) is the coor-
dinate of a point in 3D space.

The set of all points for which the potential value is O defines the implicit
surface. If the potential is positive, then the point (z, ¥, ) is outside the object.
If f(z,y,2) < 0, then the point (,y, 2) is inside the surface. The surface normals
of an implicit surface can be obtained using the gradient of the implicit function
as follows:

n=Vf/IVfl (1)
_ . df df df

In order to create a volumetric implicit surface representation from a geo-
metric model (Fig. 2a), we use a fast closest point transform (CPT) algorithm
suggest by Mauch [11]. The algorithm computes the closest point to a surface
and its distance from it by solving the Eikonal equation using the method of
characteristics (Fig. 2b).

4 Haptic Model

In this section we give a detailed presentation of our basic haptic model.
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Fig. 3. Data representation for surface modeling and haptic rendering

4.1 Data Representation

In our algorithm, volumetric implicit surface is used for surface modeling and
haptic rendering while sculpting. In the volumetric representation, only potential
values close to the implicit surface (Fig. 3) are involved in the computation. The
potential values inside the close neighborhood of the surface range from -1 to 1
according to the proximity to the closet point on the surface. The values inside
the surface are negative and positive outside. The values out of this narrow band
are nothing to do with the surface modeling and haptic rendering. Therefore, to
reduce the memory requirement, we use an octree-based data structure, avoiding
the representation of empty portions of the space. In addition, the system can
search and manage the data in such an octree very fast.

4.2 Collision Detection

Most haptic rendering algorithms use only one point of the virtual tool for col-
lision detection and force computation. However, the visual contact interaction
between the sculpting tool and model surface may not correspond with the hap-
tic feeling on on complex models with shape edges or small holes. To address
this problem, Persik [15] uses multiple points distributed on the sculpting tool to
detect collision and calculate the force in a petrous bone surgery simulator. How-
ever, when the number and position of the points involved in force computation
is changed, the force rendering can be unstable.

In our system, we use a single point of the sculpting tool but collision detec-
tion and force computation are performed on an offset surface. The offset value
from the implicit surface is determined by the radius of bounding sphere of the
tool. The single point becomes the center point of the bounding sphere. If the
point collides with the offset surface, the system computes the force vector on
the offset surface rather than the implicit surface (Fig. 4). This approach pro-
vides consistent contact information in both visual and haptic feeling and stable
force rendering.
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Fig. 4.  Collision detection and force computation based on offset surface

4.3 Force Vector

The force direction is computed by interpolating the gradients of 8 cell points
around the tool tip. The interpolation function makes the system avoid the force
discontinuity. In order to determine the amount of force, we first find the virtual
contact point (VCP) on a surface which is the intersection point between the
surface and a ray along the computed force direction. The amount of force is
proportional to the distance between the VCP and the tool tip. Once the VCP
is determined, a spring-damper model [20] is used to compute the final force
vector that tries to keep the virtual contact point and the tool tip at the same
position.

F=k(pc—pe)—bV ®3)
where F is the force vector, p. is the coordinate of the contact point, p¢ is the
coordinate of the tool tip, & is stiffness, V is velocity of the tool tip, and b is
viscosity. Spring stiffness has a reasonably high value and viscosity is to prevent
oscillations.

4.4 Magnetic Surface

Kim et al. [9] first proposed a magnetic surface which attracts the tool tip to
the closet point on the surface if the tool tip is within the virtual magnetic
field established between the offset surface and the original surface. It forces the
tool tip to stay in contact with the surface while the user explores complex 3D
models.

We employ the magnetic surface to simulate the feeling of ‘pulling’ while
the adding operation in haptic sculpting system (section 5). The direction of
magnetic force is determined by the surface normal at the position of tool tip
and the amount is proportional to the distance between the tool tip and the
closest point on the original surface.

S Volume-Based Haptic Sculpting Technique

This section describes our haptic sculpting techniques.
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(a) (b) (c)

Fig. 5. Spring-based approach and our method. (a) Spring-based sculpting (b) Carv-
ing operation in force-based sculpting (blue arrow: moving direction of the tool, red
arrow: responsive force) (c) Adding operation in force-based sculpting

5.1 Polygonization Method

Model modification during sculpting is implemented by updating the local po-
tential values around the sculpting tool, depending on the shape and size of the
tool and operation type (carving or adding). The volumetric model is converted
into the geometric model every graphical frame for the visual rendering. Many
sculpting systems [6, 2] use a uniform polygonization method such as Marching
cube [10] which suffers from large triangle count and a resolution limited by a
fixed sampling rate.

In order to address these limitations, we employ the adaptive polygonization
method suggested by Velho [19]. This adaptive method consists of two steps. In
the initial polygonization step, a uniform space decomposition is used to create
the initial mesh that serves as the basis for adaptive refinement. In the second
step, for adaptive polygonization, the mesh is refined adaptively according to
the surface curvature until the desired accuracy is achieved. The resulting mesh
effectively represents sharp edges with a smaller number of triangles compared to
uniform polygonization methods (see Fig. 8(c)). The volumetric implicit surface
and generated mesh are saved into an octree-based data structures to locally
manage the data.

5.2 Sculpting Mode

In our system, there are two sculpting modes; haptic sculpting with visual and
force feedback and block sculpting with only visual feedback.

Force-Based Sculpting The system typically could not update the physi-
cal model at a rate sufficient for haptic rendering (at least 1 KHz). Due to the
performance gap, most previous haptic sculpting systems could not directly sim-
ulate physical models being deformed. Instead, a virtual spring-based force [12]
(Fig. 5(a)) established between the current tool tip and the initial position is
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(b)

Fig. 6. Models created in force-based sculpting mode (a) carving operation (b) adding
operation (c) mesh model

used to provide feedback. However, the user cannot directly feel the physical
surface being deformed and is not allowed to move the tool tip to sculpt along
the surface without retouching the surface.

To bridge the gap between the update rate of the visual and haptic render-
ing, we introduce an intermediate implicit surface smoothly transiting between
discrete old model and target models in haptic process. The target model is
defined by CSG(Constructive Solid Geometry) point-set operation based on the
old model and sculpting tool.

The system updates the potential values inside the close neighborhood of the
intermediate surface on which haptic rendering is performed. The intermediate
surface moves toward the target surface in the haptic process at the variable
speed depending on the applied force by the user and the local material proper-
ties such as stiffness (see Fig. 5(b),(c)). When the system meets the next visual
frame, it updates the physical model using current intermediate implicit surface
instead of the target surface.

Unlike pushing operation, pulling operation makes the tool tip leave the
surface and looses the contact point immediately. In order to simulate a feeling
of pulling, we use the Magnetic surface (section 4), which attracts the tool tip
to the closest point on the implicit surface being sculpted. It allows the user to
intuitively perform the adding operation (see Fig. 5(c), 6(b)).

Fig. 6 shows examples created by carving and adding operations in haptic
sculpting mode.

Geometry-Based Sculpting The haptic force often hinders the user from
performing accurate and detailed sculpting. In block sculpting mode, the system
turns off the haptic force and allows the user to freely move in any direction in
3D space.

To sculpt a virtual object in this mode, the user first moves the sculpting tool
onto the desired region using visual feedback. The sculpting tools are represented
by simple wire frame showing the boundary to be sculpted. When the switch on
the stylus is pressed down, material is either added or carved from the surface at
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(b)

Fig. 7. Models created in geometry-based sculpting mode (a) caving operation (b)
adding operation

(a) (b)

Fig. 8. Examples created by our haptic sculpting system. (a) Original model. (b) The
model applied various sculpting tools. (¢) The model with mesh-based solid texturing

once. Target potential values at grid points to be sculpted are computed by CSG
boolean operation. (Fig. 7) shows examples sculpted in block sculpting mode.

5.3 Volume Material Properties

While sculpting, material properties such as stiffness inside the model affect
the responsive force. In our system, volumetric properties including stiffness and
color are saved into the volumetric representation and simulated while sculpting.
The system calculates the local stiffness by averaging stiffness values of the grid
points within the sculpting tool. Volumetric color information represents internal
color of the model. The local mesh being sculpted is adapted to the local color
complexity in the same way to painting in section 6 as well as surface complexity.

6 Visual Effects

We use the adaptive polygonization method to enhance visual realism for the
sculpting system. The mesh is adaptively refined according to the detail of color
in solid texturing and painting. The system also create easily embossed or en-
graved model by modulating potential values.
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(a) (b)

Fig. 9. Mesh-based visual effects. (a) the model created by sculpting and painting
tools. (b) mesh data in the rectangular of (a). (c¢) the model created by embossing tool

6.1 Solid Texturing

In order to avoid texture distortion for the sculpted model, we employ the Solid
Texture method introduced by Perlin [13], which uses a procedural function to
calculate the color for each point, instead of a look-up texture image. However,
solid texture rendering such as ray marching and solid map requires high compu-
tational power or a large texture memory which are not suitable for a real-time
sculpting system.

In our system, color generated from a noise function is applied to the surface
by assigning per-vertex colors to make the solid texturing process go faster.
However, the color of each vertex blends with nearby vertices and much of the
detail of the solid texture is often lost depending upon the surface complexity. To
address this limitation, we use the adaptive polygonization approach in which
the mesh is adapted to the detail of the solid texture. If the difference between
per-vertex colors along a edge is greater than a desired accuracy, this edge is
spit (see Fig. 9(b)) recursively. As a result, we obtain a clear solid texture on the
surface in real-time without special hardware and graphical rendering method
(see Fig. 9(a)).

6.2 Painting

The user also can paint directly on the surface while or after sculpting. The
applied color is saved at grid points around the painting tool and are used to
determine vertex color while the mesh is adaptively polygonized in a similar
manner to the mesh-based solid texturing. It makes the color boundaries clear
(see Fig. 9(a),(b)). The size of the brush volume is proportional to the force
applied by the user in a natural way. If the user pushes hard the tool against
the surface, the brush volume is getting bigger.
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6.3 Embossing and Engraving

The user can easily create embossed or engraved models along the solid texture
or painted image. It is implemented by modulating potential values in volumetric
representation (see Fig. 9(c)).

7 Conclusion

We introduced a novel haptic sculpting technique based on a volumetric repre-
sentation which contains implicit surface, material properties, such as stiffness
and color information. Based on this idea, we have implemented smooth force
rendering on the offset surface while sculpting. We simulate volume material
properties such as stiffness and color and introduce mesh-based solid texture
and painting for better visual quality.

We plan to enhance the haptic sculpting system by adding various sculpting
tools such as smoothing and stamping, modeling by sketching and a cut-and-
paste operator for fast editing. We also plan to apply this technique to various
applications such as medical training simulators and digital art.
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Abstract. Multilingual 3D avatars combine rich emotion with multi-
lingual speech gesticulation. They require complex animation. The most
performing facial animation engines for avatars have been developed us-
ing morphing techniques. Unfortunately, these techniques cannot be di-
rectly utilized to generate animation through the Internet. The informa-
tion needed to make them work is over the capacities of the connections
of most Internet users. This article presents a solution to this problem.
We have elaborated the adaptation of a very performing multilingual face
animation engine to fit it into the Internet. We also evaluate the pros and
the cons of such an adaptation from the animation quality perspective.

1 Introduction

Avatars are intelligent agents with graphical representation, often humanoid,
that can realize several functions as useful interfaces in Virtual Environments.
This kind of interfaces, called “Social User Interface”, are based on an intuitive
human-machine interaction, and use both, speech and non-verbal communica-
tion.

When avatars were first developed, researchers were mainly focused in mak-
ing them the perfect help assistants. This initial role has been overcome by the
increasing demand for useful graphical representations in daily life. On the one
hand, users are accustomed to interacting with people and not machines when
doing non technical tasks like shopping, studying, etc. On the other hand, techno-
logical advances in hardware and software in Computer Graphics are associated
to the possibility of spreading high technology outside working environments,
e.g., entertainment. In parallel, the Internet is becoming an important part in
people’s life, not only at work but also during their leisure time. It is the most
inexpensive way to communicate with other places in the World. However, most
people have problems to manage typical computer user interfaces because they
have not been taught how to use these technologies. Avatars can help to improve
communications within user interfaces.

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 26-38, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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We find the best applied examples about avatars in e-business [1, 2, 3, 4],
e-leaning [5, 6, 7] or virtual environments [8, 9, 10, 11] where the Avatar’s main
mission is to interact with and motivate the user. We have learnt from experience
that, in order to make avatars useful and attractive to non specialized users, it
is necessary to take good care of at least the following points:

— Language: The user likes interacting in his/her mother tongue;

— Emotions: The avatar’s emotive expressions should catch the user’s atten-
tion and maintain his/her motivation;

— Speed: The avatar application must work in real-time so a feeling of natural
interaction can be created.

The most performing avatars have been developed over their own platforms and
for very concrete needs. As we have pointed out, the Web is becoming the de
facto platform for human-to-human, human-to-machine interactions. Unfortu-
nately, the use of avatars on the Web requires to previously install applications
basically devoted to the animation and communications tasks, and generally,
these applications consume much of the user’s PC resources.

This article addresses the issue of adapting an off-line TTS'-driven avatar
platform to make it work through the Internet. The designed on-line version
does not require any special software or plugin that, so often, discourage people
to utilize on-line animation engines. In order to achieve this goal, all the original
morphing techniques have been adjusted and redefined, and software choices
rethought.

Knowing that element size is critical, we present a deep study about how
morph targets and software have been reduced in size. This problem is currently
being tackled in the Computer Graphics community. In [12], we find the solution
given by researchers at the MIRALab. They propose an MPEG-4 based system
that animates avatars using Java applets. We agree on applets being the opti-
mal solution not to force the downloading of specialized software, but our work
focuses in reusing morphing techniques already well set and suitable for multi-
lingual avatars, we believe MPEG-4 should not drive the animation solution but
simply complement it. People at GRIS of TU Darmstadt have developed opti-
mizations to the system we propose (see [13]). We have inspired our solution in
their work and we have added the on-line capabilities for the Internet. Neverthe-
less, most of the solutions found in the literature, including the aforementioned
ones, lack a visual evaluation of the quality improvement or worsening. In this
article, we do not only study the technical details of the online adaptation but
we also explain how we judge the adaptation in terms of visual quality.

Section 2 presents the original off-line platform. In Section 3, we explain
the adaptations required on the facial animation engine in order to make it
work through the Internet. Section 4 contains the experimental evaluation of
the adapted on-line platform. And we conclude with some future perspectives in
Section 5.

! Text-to-Speech Synthesizer
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Off-Line Animation Engine

2.1 Original Architecture

To achieve natural communication with avatars, it is very important both, to

obtain correct synchronization between audio and lip motion, and to recreate

natural facial expressiveness. Lip-synch and realistic simulation of facial expres-
sions have been the pillars of our research. Fig. 1 shows the architecture of our
TTS-driven avatar platform. The animation engine needs input of two origins,
one comes from the mark-up text that controls the avatar’s emotions and the
other one comes from the synthesis motor that performs the lip-sync from the
TTS results. These two animation processes work as follows:

Emotions: We divide facial expressiveness into two groups. First, we consider

mood emotions such as normality, severity, happiness, sadness, or anger; and
second, we have a set of emotional events like smiling, winking, denying, etc.
Through the markup text, we associate and synchronize each emotion of the
avatar. Our markup text counts on special labels that indicate: mood emo-
tions, emotional events, some special gestures to be reproduced in certain
instants of the speech, and user-profile dependent interactions. Our mark-up
language is a selected mixture of VHML [14] (Virtual Human MarkUp Lan-
guage)with some marks from EML (Emotional MarkUp Language) and GML
(Gesture MarkUp Language). The VHML Parser interprets the VHML and
extracts emotions and gestures, plus the exact moment when these have
to be reproduced. This information is transferred to the graphic platform
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(TTS + Animation Engine) for animating facial expressions using morphing
techniques.

Lip Synch: The text to vocalize, as well as the emotions and events related to
them, are transferred to the TTS module. The TTS calculates the chain of
phonemes necessary to vocalize the message contained in the text with the
indicated emotions, assigning to each phoneme its prosodic characteristics,
mainly his duration and pitch. The TTS also produces the audio file that
is synchronized with the animation data that is animated in the Animation
Engine. Each phoneme will be associated to its corresponding viseme (visual
representation of the phoneme) by means of morphing techniques. The final
vocalized animation is the result of the output coming from the TTS and
a set of internal behavioral rules (associated with emotions).

Animations from both origins use the morphing techniques explained in the next
section.

2.2 Animation Techniques: Morphing Implementation

Our facial animation techniques derive from the adaptation of a previous plat-
form developed by the ZGDYV group. Facial expressions are obtained through the
animation of the head, lips, eyes, pupils, eyebrows and eyelids. These animations
are easily mapped for humanoids. We refer the reader to [15] for more details
about the original platform. We have also implemented some additional typical
animations for cartoon avatars, like movements for their ears or nose. Some an-
imations are generated making individual deformations or translations over the
object in a determined trajectory. This is the technique used for the pupils or
the global head pose. Some other animations, like lip motion, are achieved using
the morphing techniques developed by Alexa [16].

Let us briefly summarize this technique: first, we establish an appropriate set
of basic objects (B; in Fig.2 and Eq. 1), in such a way that all face expressions
necessary to produce the animation can be obtained from combinations of these
basic objects. We use different sets of basic objects formed by groups of 14 to 22
morph targets depending on the avatar and the parts of the face that we want to
animate. In any case, 8 basic objects are used for phonemes, and the remaining
for emotional expressiveness and natural facial gestures (e.g., blinking). It is
necessary to have a flexible set of morph targets depending on the personality
of the Avatar because this set will define the facial expressiveness. For instance,
for Arrati, a 3D cartoon cow used in Basque television [17], we used 16 different
morph targets. Arrati usually speaks Basque [18], although her 8 basic visemes
allows her to speak English, Spanish and German. It has also rich expressiveness
thanks to the combination of the other 8 morph targets.

One geometric base and a set of key frames (defined by a vector of weights)
represent animations. Each value of this vector corresponds to the interpolated
value (a; in Fig.2 and Eq. 1). The sequences of animations are set defining the
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operations in eq. 1 with the required input values, Fig.2 illustrates this process.
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3 Adaptation of the Animation Engine to the Internet

The facial animation architecture presented in Fig. 1 needs two major changes in
order to meet the requirements of software platform independence and animation
efficiency: the TTS must be outside the user’s PC and the Animation Engine
should run on a universal platform. The client-server structure chosen for our
adapted platform is detailed in Section 4. In this section we explain the major
changes made on the Animation Engine in terms of morphing and software.

The previously detailed Facial Animation Engine is based on the Alexas
animation method. This technique relies on a Java 3D morph Node and uses
each morph target for creating the keyframes of an animated sequence. To adapt
this method to use it on an Internet platform, we have focus our work mainly in
two actions. First, we have developed an efficient way to animate and store our
morph targets. Second, since for us the development of a web application implies
not forcing the user to download any plugin, we had to discard the use of the
Java 3D library, instead we propose a platform where the morphing algorithms
have been developed using the Anf3D libraries [19].

3.1 Creation of Key Frames

For the generation of the key frames we need to mix different type-expressions
on models of the avatar, which has a static expression, such as, happy-face,
angry-face or any phoneme-face.
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Fig. 3. Illustrating the Morphing technique during animation

For example, in the Fig.3 we can see the morph targets used for generating
one keyframe: using three morph targets (cow blinking, cow smiling and cow
opening the mouth), we can make a cow blinking, smiling and opening the mouth
for saying “ah” with this emotion. As is said in [16], for the generation of each
key frame creation we have to calculate a new geometry where the coordinates
of each vertex it’s the sum of the same vertex of the morph targets. Using the
previous example:

V(i) = p(1)- EyesClosed(i) + p(2) - HappyV (i) +p(3) - MounthOpenedV (i) (2)

Where V(i) is the ¢ vertex and p(1), p(2), p(3) are the model weights to sum:

n

V(@)=Y p(j) - V;() 3)

=1

Mixing the models with different weights we obtain an extended set of facial
expressions that permit rich emotional person-machine interaction.

3.2 Our New Storage Method

Morphing-based animation techniques have proved to be the most performing
methods in terms of animation quality but they have high weight cost. For ex-
ample, in our off-line system, animating a small emotionless avatar represents
using 851KB (14 targets x 61KB per target with 393 vertices per model). Unfor-
tunately, most Internet connections are not fast enough for instant downloading
of this amount of data.

To decrement the downloadable information we store the neutral-expression
face and the differences between this neutral expression and the other face tar-
gets, instead of all the needed face models. Generally, the differences between
neutral-expression and other expressions, as a happy-face or any phoneme-face,
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Fig. 4. Example of our storage method in 2D. a) Original Model, b) Expression 1,
and c) Expression 2

are significant only on a few vertices. This techniques follows the same philosophy
as the MPEG-4 [20] coding for vertex motion, but it is applied to a morphing-
based facial animation technique. Let us illustrate our method in 2D for better
understanding. In Fig. 4a we can see a polygon with 16 vertices. Fig.4b and the
Fig.4c show the same vertices after actions have been applied. Using the original
model and difference vertices with the other morph targets it is possible to re-
construct all expression models. In our adapted platform we have implemented
a data structure based in 2D matrices that contain the required data. The first
row of these matrices is granted to the vertex identifiers, and the remaining ones
contain the X, Y, Z coordinates of each vertex. For the 2D example, we would
obtain Table 1.

The new data structure reduces the size of the information we need to store.
The reason for that being:

— Invariable vertices: in all humanoid heads, more than half of head points are
invariable during face animation. Only the front part of the face has mobile
points.

— Polygonal and material information: all models have the same polygonal
information (material, texture) that is downloaded once only.

Table 1. Matrices stored for the 2D example. a) For Fig. 4a, b) for Fig. 4b

4 6 7 8 9
Xy Xe X7 Xz Xo
Y, o V5 Y Yo

0 4 8 12
Xo Xy Xg Xi2
Yo Yo Yz Yio
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3.3 Owur New Animation Method

Since we store information in a new way, we need to change the animation
method and use new data structures. As we previously said, avatar animation
requires two phases: creation of the new key frames, and the interpolation be-
tween the last key frame and the next one. Repeating this process generates the
animation. The key frame creation is now simple and efficient because all key
frames are made from the neutral-expression model after being modified. That
is to say, using the neutral model, for all modified vertices and only for these
vertices, we have to do the modified weighed sum:

V(i) = Z p(5) - (V;(8) — Vaes (1)) (4)

Where V(i) is the vertex i of the new key frame, p(j) is the weight of the
model j to sum, V;(¢) is the vertex ¢ of the model j and Vgs(7) is the vertex ¢
of the neutral model. At this point, the interpolation is only computed on the
modified vertices by means of listing the indexes of all modified vertices. Since the
required list will be static thorough the process, we can compute it the moment
we calculate the new data structures. In the example we have used before, this
would imply being aware of the data stored in the first row of Table 1.

The table computation is done in a pre-process before the animation is set.
The use of these tables has two advantages: the downloading time will be re-
duced, and animation will be more efficient. Section 4 provides a deep evaluation
that enhances the aforementioned advantages.

To evaluate the prototype we have used three avatars. Each one of them with
different characteristics (polygonal weight, number of models —morph targets—
per avatar, etc.).

Table 2. Evaluation of the reduction improvement with our method

Patxi Betizu Arrati

Number of morph targets 14 14 16
Animated parts without morphing (KB) 64.0 161.00 112.0
Morphing objects on-line (KB) 77.0 211.0  338.0
Morphing objects off-line (KB) 854.0 2198.00 3664.0
% of reduction 90.98 % 90.40 % 90.77 %
All objects after Gzip on-line (KB) 59.2 185.0  240.7
All objects after Gzip off-line (KB) 330.2 584.2 1028.0
% of reduction 82.1% 68.3% 76.6%
Vertices where morphing is applied on-line 106 313 604

Vertices where morphing is applied off-line 393 835 1231
% of reduction 73.0% 62.3% 51.0%
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4 Evaluation over an Application Prototype

4.1 Description of the Application Prototype

Our prototype is an avatar that inquires a Web user about some personal data,
like name or place of birth, in order to create a customized story for him/her.
Our technical approach consists of one applet composed by a set of java classes
zipped in a low weight .JAR (optimized by our new storage method). The visitor
can connect to our Web page and visualize the avatar without downloading any
accessory application, because, the animation can run on the java virtual ma-
chine (jvml.1) integrated by default in the majority of browsers. All executions
are transparent to the visitor. As previously stated, the Graphical API used is
called Anfy3D [19], available for jvm1.1, but the method we are presenting can
be utilized with any other real time java 3D rendering library. Fig.5 illustrates
the architecture of our system. The present architecture does not perform any
streaming of audio or animation, thus making our solution suitable for dialogs
and short speeches. The system needs to download the entire audio from the
server in order to synchronize facial animation and speech. In practice, we are
synthesizing long speeches by utilizing signed applets that can access the user’s
hard disc where the TTS has been previously installed. Streaming capabilities
should be implemented in order to free the user from downloading any software
related to the TTS. This issue was out of the scope of our research and herein
we present the results from evaluating the animation engine designed.

In Fig.6, we present the three avatars used: Patxi, Arrati and Betizu. In
Table 3, we can see the size in KB of all the components needed by the Internet
Avatar Platform. In the “Other parts” row we see the size of Patxi’s hair, Arrati’s
body and Betizu’s horns and body.
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Table 3. Total load in KB for each avatar animation without any compression

Patxi Arrati Betizu

Head 61.0 229.0 157.0
# of morph targets 14.0 16.0 14.0
Other parts (globe, iris, pupil...) 64.0 112.0 161.0
Textures (jpeg) 275 28 34.8
Java classes 60.0 61.0 60.0
Total 1005.5 3865.0 2443.8

Fig. 6. Avatar models used for the tests. a) Patxi, b) Arrati, ¢) Betizu

4.2 Quantitative Evaluation

In Table 2, some of the improvements of our system are shown. The table is
subdivided in three parts.

In the first five rows we can see the number of morph targets used for each
avatar (Patxi, Betizu and Arrati) and the weight used for each application, on-
line and off-line. We can appreciate that we manage to reduce up to the tenth
part of the weights needed for the off-line application with the on-line storage
method.

In the following three rows, the same comparative is shown after the Gzip
compression method has been applied. We notice that the reduction of the total
weights is around 24%. As it is described in the previous section, the method
permits to interpolate between variable vertices thus reducing the number of
operations required to achieve the animation and making the animation more
efficient. We have estimated the algorithmic-efficiency improvement in around
50 % to 70 %, depending on the avatar’s size, as it is shown in the last row of
Table 2.

The performance of the designed off-line system allows us to integrate our
avatars in any Web-based application. This has been the result of the decrease
on the downloadable information and the improvement of the efficiency on the
new system developed for the animation transmission through the Internet.

4.3 Qualitative Evaluation

Adapting an off-line animation engine to make it run on-line should not imply
loss in animation quality. We have visually evaluated the performance of the
off-line facial animation against the original on-line animation results (which we
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consider to be ground-truth). From this visual evaluation we draw one major
conclusion: the change in visual quality is due to the 3D rendering applet (based
on Anfy3D) and not to the animation off-line adaptation.

In order to verify this fact, we have compared animation sequences in pairs:
on sequence coming from the on-line animation and the other from the off-line.
The test shown in Fig. 7 was made with two animations generated for the avatar
to reproduce the text “ah-uh-ah”. The animation was slowed down to 5000 ms
for each phoneme in order to appreciate the details. The slides shown are taken
from the animation every 30 frames.

In Fig. 7 we notice that the renderings from the platforms are different, this
is because in the on-line and off-line applications use different graphic libraries,
Anfy3Dand Java3D respectively, that use different kinds of smoothing and il-
lumination rendering. Focusing on the animation method, we notice that the
same frames are generated at the same time by both applications, producing the
same animation in both platforms. Based on the tests, we can conclude that,
concerning the animation method, the quality of the animation is the same for
on-line and off-line platforms.

5 Conclusions and Future Perspectives

The main advantage of the adaptation framework proposed in this article is the
possibility of having an interactive web application using avatars that rely on the
real user needs: diversity of speech (lip-synch), naturalness (emotions) and real
communication (fast transmission). In this paper we have proposed a method
to store and animate avatars through the Internet using key frame animation
techniques, and morph targets. Thanks to this method, along with the use of
ordinary compression, we have reduced the information needed to download for
avatar animation over a total of 89 %.

Moreover, with this method we automatically identify the variable vertices,
and make the interpolation computations, only in the required points. Therefore,
we have reduced the calculations by around 37%.

We consider that Avatars are one of the best tools available to create proper
user interfaces with natural effect because they imitate verbal and non-verbal
communication replicating the way humans communicate among themselves.
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Good design of personality, appearance and behavior for the Avatar is essential
to catch the user’s the attention making him/her believe that he/she is speaking
to someone. Our future research lines will be specially centered on working on
avatars for TV environments and Internet applications such as commerce and
education, where having an Avatar is becoming crucial to create interaction
between customers and salesmen, teachers and students, and among students.
In teaching, avatars are also necessary to motivate the student, issue very often
forgotten in distance education.

We are also interested, in parallel with the effort of other research groups, in
multiple integration of avatars in “social” contexts and the animation of other
parts of the body in Web applications. These two lines will be the relevant paths
of our future work.
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Abstract. The paper presents an approach for matching objects in dynamic
pedobarography image sequences, based on finite element modeling and modal
analysis. The determination of correspondences between objects’ nodes is here
improved using optimization techniques and, because the elements number of
each object is not necessarily the same, a new algorithm to match excess nodes
is proposed. This new matching algorithm uses a neighborhood criterion and
can overcome some disadvantages that the usual matching “one to one” in
various applications can have. The proposed approach allows the determination
of correspondences between 2D or 3D objects and will be here considered in
dynamic pedobarography images.

1 Introduction

One problem of several areas of computational vision is the determination of objects
correspondences in different images and on the computation of robust canonical
descriptors used for the recognition of 2D or 3D objects, either rigid or non-rigid.

In this paper, a methodology to address the above problem is presented, based in
the approach initially proposed by Sclaroff [1], [2], improved by us through the use of
optimization algorithms in the matching search step, and a new method to determine
matches between nodes that could not be considered in this optimization phase (see
section 4). With this new method, we can successfully match objects with different
number of points and also overcome some disadvantages that the usual match “one to
one” can present in various real applications, because with that algorithm we can now
have matches of type “one to many” and vice-versa.

Application results of the proposed matching methodology improved, and of the
new “one to many” and vice-versa matching algorithm, to the analysis of objects
represented in dynamic pedobarography image sequences are discussed.

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 39-50, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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1.1 Background

There is an eigen methods class [1], [2], that derives its parameterization directly
from the data shape. Some of these techniques also try to determine, explicitly and
automatically, the correspondences between characteristic points’ sets, while others
avoid specifying correspondences based in characteristics, but try to match images
using more global approaches. Each eigen method decomposes the object
deformation in an orthogonal and ordered base.

Usually, the matching problem resolution methods include restrictions that prevent
inadequate matches according to the considered criteria. Examples of these
restrictions are: the order [3], [4]; rigidity restriction [3], [4]; unicity [5]; visibility [6];
and proximity [2]. To determine the correspondences it is used, for example, the
correlation between images (i.e., images similarity is assumed) [7]; points proximity
[8]; or disparity fields smoothness [3]. The matching problem can be interpreted as an
optimization problem, where the objective function can depend, for example, on any
relation mentioned above and the restrictions must form a non-empty space of
possible solutions for the optimization problem. To solve the optimization problem it
can be used dynamic programming [3], graphs [4] and convex minimization [7]. Non-
optimal approaches include, for example greedy algorithms [9], simulated annealing
[10], relaxation [5], etc.

Belongie [11] applied an optimization technique, similar to the one used in this
work, to determine the correspondences between two objects using shape contexts.
Although shape description algorithms have usually a higher computational
efficiency, the modeling methodology presented here has the major advantage of
attributing a physical behavior to each object to be modeled through the consideration
of a virtual material.

2 Dynamic Pedobarography

Pedobarography refers to measuring and visualizing the distribution of pressure under
the foot sole. The recording of pedobarographic data along the duration of a step in
normal walking conditions permits the dynamic analysis of the foot behavior; the
introduction of the time dimension augments the potential of this type of clinical
examination as an auxiliary tool for diagnostics and therapy planning [12], [13].

The basic pedobarography system consists of glass or acrylic plate trans-
illuminated through its polished borders in such a way that the light is internally
reflected; the plate is covered on its top by a single or dual thin layer of soft porous
plastic material where the pressure is applied (see Fig. 1) [13].

Using a practical set-up as the one shown in Fig. 2, a time sequence of pressure
images is captured; Fig. 3 shows two of the images captured in a sample sequence
(displayed with inverted brightness); the image data is very dense, as opposed to
other used measuring methods, and very rich in terms of the information it conveys
on the interaction between the foot sole and the flat plate [13].
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Fig. 1. Basic (pedo)barography principle [13] Fig. 2. Set-up of a basic pedobarography

system [13]

Fig. 3. Two consecutive images of a sample pedobarography images sequence

3 Objects Model

In the initial stages of this work [2], [13], the object contours in each image were
extracted and the matching process was oriented to the contours pixels. However, an
additional problem is present: the possibility that along the images sequence various
contours will merge or split. In order to accommodate this possibility a new model
was developed [13], similar to the one used in various applications with controlled
environment, such as in face analysis and recognition [14], [15]. The brightness level
of each pixel is considered as the third co-ordinate of a 3D surface point. The
resulting single surface model solves the two aforementioned problems [13].

The use of the surface model also simplifies the consideration of isobaric contours,
which are important in pedobarographic analysis, either for matching contours of
equal pressure along the time sequence or for matching contours of different pressure
in a single image [13].

The following sections describe the object models used and their construction.
Each model has its own advantages and shortcomings; for every particular problem,
the best choice must be made [13].

3.1 Contour Model

Two modeling approaches were used to determine the correspondence between two
contours in distinct images:
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* A single 2D isoparametric Sclaroff model is used for each contour. In building this
type of element, no previous ordering of the nodes is required; Gaussian shape
functions are used. The method to determine the mass and stiffness matrices for
this 2D element is described, for example, in [1], [2].

¢ Each contour is built by linear axial 2D finite elements. For this type of
discretization a previous ordering of the contour nodes is required. The matrix
formulation for these elements can be found in [2], [16], for example.

Standard image processing and analysis techniques are used to determine the
contour pixels [2], namely thresholding, edge enhancement, hysteresis line detection
and tracking. For example, Fig 4(b) and Fig. 4.(c) show an intermediate result and the
final contour determination for the image in Fig. 4(a).

3.2 Surface Model
For the surface model, two approaches were also used [2], [13]:

¢ A single 3D isoparametric Sclaroff finite element model is used for each surface.
Again, it must be noticed that there is no requirement for previous ordering of the
nodes. The matrix building for these finite elements can be found in [1], [2].

¢ Each surface is built by linear axial 3D finite elements (Fig. 5). The previous
ordering of the surface nodes is required. The matrix formulation for these finite
elements can be found in [2], [16], for example.

The method to determine the nodes that form the surface in each image can be
summarized as follows [2], [13]:

1. Noise pixels (i.e., pixels with brightness lower than a calibration threshold) are
removed and a Gaussian-shaped smoothing filter is applied to the image
(Fig. 6(2));

2. The circumscribing rectangle of the object to be modeled is determined and the
image is sampled within that area (Fig. 6(b));

3. A 2D Delaunay triangulation is performed on the sampled points, using the point
brightness as the third co-ordinate;

4. The triangular mesh is simplified using a decimation algorithm in order to reduce
the number of nodes and thus the computational cost;

5. A Laplacian smoothing algorithm is used to reduce the high frequency noise
associated to the mesh;

6. A scale change is performed on the third co-ordinate (derived from brightness) in
order to have similar ranges of values in all co-ordinates (Fig. 6(c)).
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() (®) (c)

Fig. 4. (a) Image (negated) where contours must be found; (b) Result image after edge
enhancement; (c) Contours obtained by a line detection and tracking algorithm with hysteresis

Fig. 5. Modeling ofa surface by a set ofaxial 3D finite elements (each node is connected to its
neighbors through axial elements)

@) (b) ©

Fig. 6. (a) Image (negated) after noise removal and Gaussian filtering; (b) Object sampling;
(c) Resulting surface

3.3 Isobaric Contour Model

As in the two previous models, the approaches used to match isobaric contours and to
determine the deformation energy are [2], [13]:

* A single Sclaroff isoparametric finite element, either 2D or 3D, to model each
contour.

* Linear axial finite elements, either 2D or 3D, to build the contours.
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The isobaric contours are extracted (Fig. 7.) after using the procedure described in
the previous section.

Fig. 7. Ten isobaric contours extracted from the surface in Fig. 6.(c)

4 Matching Methodology

Fig. 8 displays a diagram of the adopted matching methodology. The locations of the
image datapoints X = [X .4 m] in each image are used as the nodes for building a

finite element model of elastic material. Next, the eigenmodes {¢}i of the model are

computed, providing an orthogonal description of the object and its natural
deformations, ordered by frequency. Using a matrix based notation, the eigenvectors

matrix [®] and the eigenvalues diagonal matrix [Q] can be written as in eq. (1) for

2D objects and as in eq. (2) for 3D objects. The eigenvectors, also called shape
vectors, for each mode [1], [2], [16], [17], describe how each mode deforms the
object by changing the original data point locations: X .., = X + a{¢}i.

The first three (in 2D) or six (in 3D) modes are the rigid body modes of translation
and rotation; the remaining modes are non-rigid [1], [2], [16], [17]. In general, lower
frequency modes describe global deformations while higher frequency modes
essentially describe local deformations. This type of ordering from global to local
behaviour is quite useful for object matching and comparison.

The eigenmodes also form an orthogonal, object-centred co-ordinate system for the
location of the point data, i.e., the location of each point is uniquely described, in
terms of each eigenmode displacement. The transformation between the Cartesian
image co-ordinates and the modal system co-ordinates is achieved through the
eigenvectors of the finite element model.

Two sets of image data points, corresponding to two different images in a
sequence, are to be compared in the modal eigenspace. The main idea is that the low
order modes of two similar objects will be very close even in the presence of an
affine transformation, a non-rigid deformation, a local shape variation, or noise

(11, [2].
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INPUT: two objects, each constituted by a
set of points
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MODELING: Construction of a physical model for each
object, using the finite elements method
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Fig. 8. Diagram of the adopted methodology
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Using the above concept, data correspondence is obtained by modal matching.
Two matching search methods are considered: (1) a local search or (2) a global
search. Both methods use an affinity matrix [Z], constructed from the Euclidian
distance between the characteristic vectors of each model, whose elements are, for 2D
and for 3D, respectively:

2, =, ~fuk, [ +Jh =0,
Z,= "{”},,i "{”},+1,f I2 +"{v}1,i _{v}m.f 2 +“{w}'»" _{w}"'"f )

The local search was previously implemented [1], [2], [13] and basically it consists
in seeking each row of the affinity matrix for its lowest value, considering the
associated correspondence if that value is also the lowest of the associated column.
This method has the main disadvantage of disregarding the object structure as it
searches for the best match for each node.

The global search, proposed in this work, consists in describing the matching
problem as an assignment problem [18], [19], and solving this last using an
appropriate algorithm [20], [21], [22].

Case the number of nodes of both objects is not the same, with the usual matching
restriction of type “one to one”, there will be, necessarily, nodes that will not be
matched. The solution found [20] was initially to add fictitious nodes to the model
with fewer points, solving the requirement of the matrix involved in the optimization
process (assignment problem) having, necessarily, to be square. All fictitious nodes
have a zero matching cost associated. After the global search, the excess nodes (real
nodes matched with fictitious points) are matched adequately (with real nodes), using
a neighborhood criterion. In this way matches of type “one to many” or vice versa are
allowed for the “extra” nodes. We will call this method ADCom.

2

€))

s

2

5 Results

The methodology just presented was integrated in a generic software platform for
deformable objects matching [23], previous developed using Microsoft Visual C™,
the Newmat [24] library for matrix computation and the VTK - The Visualization
Toolkit [25], [26] for 3D visualization, mesh triangulation, simplification and
smoothing, and for isobaric contours extraction.

This section presents some obtained results with dynamic pedobarography images,
using the methodology previously described.

The first example presents the matching of two contours obtained from the
sequence images previously presented in Fig. 3. The first contour has 64 points and
the second one has 58 points. Fig. 9(a) shows the obtained match using the local
search adopted in the previous work and Fig. 9(b) shows the one obtained using the
proposed global search. Table 1 presents some numerical results for this example.
Using the proposed global search 100% of matches of type “one to one” was
successfully obtained. Using the local search was only obtained 72% of those
matches.
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Table 1. Numeric results of the matching between the dynamic pedobarography contours

Search method Nr. Matches (%) Fig.

Local 42 (72%) 9(a)
Global 58 (100%) 9 (b)
(@) (b)

Fig. 9. Matches between two contours using: (a) the local search; (b) the global search

The second example presents the matching between two isobaric contours,
obtained from the previously presented image in Fig. 3.(b). The first isobaric contour
is composed by 54 points and the second one by 46 points. Fig. 10(a) shows the
matching result using the local search and Fig. 10(b) shows the matching result using
the proposed global search. Table 2 presents some numerical results for this example.
Using the proposed global search we obtained 100% of type “one to one” satisfactory
matches. Using the local search we only obtained 50% of those matches.

Table 2. Numeric results of the matching between two isobaric contours

Search method Nr. Matches (%) Fig.
Local 23 (50%) 10 (a)
Global 46 (100%) 10 (b)

Fig. 10. Matches between two isobaric contours using: (a) the local search; (b) the global
search

Fig. 1.1 presents the matching results for the first and second examples using the
proposed global matching search and the developed ADCom algorithm to match the
excess nodes. As it can be seen, all objects’ nodes were successfully matched for both
examples.

(a)

Fig. 11. (a) Matches between two contours using the global search and ADCom algorithm;
(b) Matches between two isobaric contours using the global search and ADCom algorithm
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The last example presents the matching of two surfaces obtained from the same
images presented in Fig. 3. The first surface, obtained from the image in Fig. 3(a), has
117 points and the second one, obtained from the image in Fig. 3(b), has 112 points.
Fig. 12(a) shows the matching result using the local search and Fig. 12(b) shows the
matching result using the proposed global search. Table 3 presents some numerical
results of this last example. Using the global search 100% of satisfactory matches of
type “one to one” was established. Using the local search was only established 31%
of those matches.

6 Conclusions

A methodology was presented for obtaining the correspondence between 2D and 3D
objects, rigid or non-rigid, and it was illustrated for real dynamic pedobarography
images. The objects are modelled by finite elements and modal analysis is used to
define an eigenspace where the matching is performed.

The experimental tests carried out (some shown in this paper) confirm that
satisfactory matching results can be obtained for dynamic pedobarographic image
data.

Table 3. Numeric results of the matching between two dynamic pedobarography surfaces

Search method  Nr. Matches (%) Fig.
Local 35 (31%) 12 (a)
Global 112 (100%) 12 (b)

(b)

Fig. 12. Matches between two surfaces using: (a) the local search; (b) the global search

It is also verified that the proposed global search considerably improves these
results, when compared with the previously local search used in [2], [13], in the
obtained number and in the quality of the founded matches.

Another advantage of the proposed search strategy, based on optimization
techniques, is that the overall matching methodology becomes easier to use and to
adapt to experimental applications.

The developed ADCom algorithm satisfactorily matches all the excess objects
nodes, avoiding loss of information along image sequences.

In the future, we will try to improve the matching methodology just presented in
order to considerer all the images sequence and use this along time information in the
nodes correspondence establishment process.
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Abstract. Biometrics identification methods proved to be very efficient, more
natural and easy for users than traditional methods of human identification. In
fact, only biometrics methods truly identify humans, not keys and cards they
posses or passwords they should remember. The future of biometrics leads to
passive physiological methods based on images of such parts of human body as
face and ear. The article introduces to ear biometrics and presents its
advantages over face biometrics in passive human identification systems. Then
the geometrical method of feature extraction from human ear images in order to
perform human identification is presented. The proposed method is invariant to
rotation, translation and scaling due to coordinates normalization and placing
the major reference point in the centroid. The feature extraction algorithm
consists of two steps, so that in the process of classification two feature vectors
for each ear image are used.

1 Introduction

There are many known methods of human identification based on image analysis. In
general, those biometrics methods can be divided into behavioural and physiological
regarding the source of data, and can be divided into passive and invasive biometrics,
regarding the way the data is acquired.

The first class is based on the behavioural features of human actions and it
identifies people by how they perform something. The most popular of such methods
is voice verification. Other methods are basically based on the dynamics of specific
actions like making the signature, typing on the keyboard and simply moving or
walking. Those methods are not that natural and they require users to take part in the
process of identification by repeating specific actions, every time they are examined.
Physiological (anatomical) biometrics methods are based on the physiological
features of humans thus they measure and compare features of specific parts of
human body in the process of identification. So far the main interest is in the head and
the hand with face, eye and fingerprint features being the most important
discriminants of human identity. The major advantage of physiological biometrics is
that it is passive and the implemented systems work only with the acquired images of
specific body parts. All the user has to do is to place his face or ear in front of the
camera or alternatively touch the sensor with his fingers and wait for the
identification process to take place. But some systems can verify the identity of

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 51-61, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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humans even without their cooperation and knowledge, which is actually the future of
biometrics. Such methods include well-examined face recognition but one of the most
interesting novel approaches to human passive identification is the use of ear as the
source of data. The article presents some advantages of ear biometrics over face in
human identification.

Human ears have been used as major feature in the forensic science for many years.
Recently so called earprints, found on the crime scene, have been used as a proof in
over few hundreds cases in the Netherlands and the United States [9].

Fig. 1. Some examples of “easy” ear images from our database

There are many advantages of using ear in comparison with the face. Firstly, ear does
not change during human life, and face changes more significantly with age than any
other part of human body. Face can also change due to cosmetics, facial hair and hair
styling. Secondly, face changes due to emotions and expresses different states of
mind like sadness, happiness, fear or surprise. In contrast, ear features are fixed and
unchangeable. Moreover, the colour distribution is more uniform in ear than in
human face, iris or retina. Thanks to that fact, not much information is lost while
working with the greyscale or binarized images, as we do in our method. Ear is also
smaller than face, which means that it is possible to work faster and more efficiently
with the images with the lower resolution. Ear images cannot be disturbed by glasses,
beard nor make-up. However, occlusion by hair or earrings is possible. Some
examples of “easy” and “difficult” ear images from our database are shown in Figs 1
and 2, respectively.

The first, manual method, used by Iannarelli in the research in which he examined
over 10000 ears and proved their uniqueness, was based on measuring the distances
between specific points of the ear [11]. The major problem in ear identification
systems is discovering automated method to extract those specific, key points.
Another well-known method by Burge and Burger [4] is based on building
neighbourhood graph from Voronoi diagrams of the detected edges. Hurley et al. [10]
introduced a method based on energy features of the image. They proposed to
perform force field transformation in order to find energy lines, wells and channels,
but their feature vector consisted of only two parameters. Another method used by
Victor at al. [17], in the experiment comparing ear and face properties in order to
successfully identify humans in various conditions, was based on PCA. Their work
proved that ear images are a very suitable source of data for identification and their
results for ear images were not significantly different than for face images. The
method, however, was not fully automated, since the reference points had to be
manually inserted into images.
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Fig. 2. Some examples of “difficult” ear images from our database

We propose a straightforward method to extract features needed to classification.
Our method represents the geometrical approach, but it is fully automated and no
manual operations are needed.

Our method is divided into image normalization, contour extraction (edge
detection), calculation of the centroid, coordinates normalization and 2 steps of
geometrical feature extraction, as described in the next section. We treat the centroid
as the specific point in our method, even though it is not a specific point within the
ear topology. Our method consists of the following steps (Fig. 3.):

- contour detection,

- binarization,

- coordinates normalization,
-~ feature extraction (2 steps),

- classification.
Contow Centroid Coordinates
Detection and P Calculation #» Normalization
Binarization
Feature Radius
Classificaton | Extraction 44— Calculation |4—
(2 Steps)

Fig. 3. The block diagram of our method

2 Contour Detection

First we perform the edge detection step. In our case it is a crucial operation, since it
is obvious that lines are the most prominent features that could be obtained from the
ear image, and our goal is to detect major outer and inner curves of the earlobe. We
tested many known methods as Canny operator, Sobel filters and CWT (Complex
Wavelets) but we propose another method, which proved to be most convenient in
our experiments.
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We propose to use the local method which examines illumination changes within
the chosen window nxn . We usually use 3x3 window and we divided the image
into many overlapping regions of that size.

For each of those regions we calculated mean p and standard deviation & of the
pixel intensity values in 8-pixel neighbourhood.
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Then we perform decision if the centre pixel of the examined region belongs to the
line or to the background. For the maximum value of the pixel intensity I,;, and the

minimum value of the pixel intensity in the regionl; , we calculate the difference

S(i,j) such as:

S(i,j) =1, -1, 3)

and we compare it to certain threshold value. Even though thresholding is one of the
basic operations of image processing, there is always the major problem in selecting
appropriate threshold value.

We propose the usage of mean and standard deviation of pixel intensities in

calculation of the threshold value T(i,j) used in contour detection as given in

equation 4:
TG, j))=pn-ko 4

where k is a certain value.
Then the rule for the contour detection is:

1if S(i,j) 2 TG, j)

0 if SG,j) <TG, j) ®)

g, j)= {

In result we obtain the binary image g(i,j) with the detected contours. Moreover,

the constant k allows to adjust and change the sensivity of the edge detection
algorithm.
An example ofthe edge detection algorithm is shown in the Fig. 4.
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Fig. 4. Result of edge detection algorithm for two different values of k

3 Normalization

Given the binary image g(i,j), we obtain the centroid which later becomes the

reference point for feature extraction. Because the features for a recognition
algorithm should be invariant to ear translation and scale change, the coordinates
normalization is performed. Therefore we normalize coordinates, such that the
centroid becomes the centre of the image. Suppose that the image with pixel
coordinates (i, ) undergoes geometric transformations to produce an invariant image

with coordinates (x,y). This transformation may be expressed as:

R
1 0 oY 1
[xy.z]=[L,31]]0 1 00 = 0 6)
-1 -7 1 L
0 0 1

where:
- I, J — centroid,
- G;,0; - standard deviation of / and j respectively.

Furthermore, our method is also invariant to rotation as all the rotated images of
the same object have the same centroid. That is the major reason that we chose the
centroid of the image to be the reference point in the feature extraction algorithm.
Such approach allows the successful processing of RST queries.

4 Feature Extraction

There are many possible geometrical methods of feature extraction and shape
description such as Fourier Descriptors, Delaunay Triangles and methods based on
combination of angles and distances as parameters. We propose a 2 step-method that
is based on number of pixels that have the same radius in a circle with the centre in
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the centroid and on the contour topology. The algorithm for the first step of feature
extraction is presented below:

1. we create a set of circles with the centre in the centroid (Fig. 5.)
2. number ofcircles N, is fixed and unchangeable

3. we create circles in such a manner that the corresponding radiuses are o pixels
longer from the previous radius

4. since each circle is crossed by the contour image pixels we count the number of
intersection pixels 1,

5. next we calculate all the distances d between neighbouring pixels, we proceed in
the counter-clockwise direction

6. we build the feature vector that consists of all the radiuses with the corresponding
number of pixels belonging to each radius and with the sum of all the distances
between those pixels Zd

czl_2105bmp 82138 103318 | =
|cz1_2155bmp 82559 108792 | 2

B

Fig. 5. Binary ear images with the extracted edges (2 values of k) and with the centroid marked
with a cross. Circles represent the radius values for calculation of number of pixels intersecting
each circle. The table below shows the centroid values for each binary image

The algorithm for Nr=3 is symbolically presented in the Fig. 6.
The general rule for forming the first vector is presented below:

V = {I:rmin > 1rmin > Z drmin ] " I:rmax > 1rmax s Z drmgx ]} (7)

where:

r —radius length,

1, — number of intersection points for each radius,

Zd— sum of all the distances between the intersection points for the considered
radius.
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Fig. 6. The symbolic representation of our algorithm for N, =3

Then in order to enhance the distinctiveness of the extracted features, we build the
second vector in the second step of feature extraction. Once again we base upon the
created circles with the centre in the centroid. Hereby, we propose to extract the
characteristic points for each contour in the normalized coordinates.

For each contour line the characteristic points are:

- contour endings,

- contour bifurcations,

- all the points that cross the created circles (those points are already extracted by
the previous algorithm).

In each contour we check the topological properties of every pixel. For each
contour pixel g, we use 3x3 window as in Fig. 7. (left). When g, =1, the connected

number N} of g, is defined as:

N (g,)=Y (gl—gl 20 g;zj, where S = (1,3,5,7) . (8)

k=8

—Ne=1

N

X ik
NS

9p

@

Fig. 7. Characteristic points detection algorithm
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We search for the contour beginning in the area A, such that:f, 2A>r1_, . We
begin the search forr, =t , which means that we start our algorithm in the most
outer circle. Then we search in all other circles heading towards the centre in the
centroid. If we come across any point with N® =1, we check ifit is already stored in
the feature vector and ifnot, we store it as the ending point and we trace its contour.
Points with N®=1 and N!>2 are the ear contour endings and the contour

bifurcation points respectively. Those points are marked as E and B in the Fig. 8.
For each contour we also extract the intersections with the circles created earlier. For
each contour intersecting the circles we store all the intersections coordinates i and
the number of such intersections N, as presented in Fig. 8 (right) and Eq. 9

E3

E2

B1

E1

Fig. 8. The symbolic representation of the second step of feature extraction algorithm

The general rule for forming the second vector for each contour is presented
below. First we store the number of endings, bifurcations and intersection points, and
then we store all the coordinates of those points for all the extracted and traced
contours. For C contours in a given image we obtain:

F= {[(NE’NB’NI)(CI"“’CNE’bl""’bNB’il"“’iN, )]1

'”[:(NE’NB’NI)(CI’”"CNF_’bl"”’bNB’il"“’iN, )] } 9)

C
where:

N — number of endings in each contour,

Nj — number of bifurcations in each contour,
N, — number of points intersecting the circles,
e — coordinates of endings,

b — coordinates of bifurcations,

i — coordinates of intersections in each contour.
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5 Classification

For each image stored in the database we have two vectors Fand V.. For each

input ear, we acquire many images under different angles to the camera.
The algorithm for recognition of an input image is following:

1. for the fixed number of circles, the feature vectors V and F ofthe input image are
obtained
2. for each radius, we search the database feature vectors V., that have the same

number of intersections 1, for the corresponding radiuses
3. the vectors with number of intersections (I, £1)are also accepted, allowing the

difference of one pixel on each circle
4. in the next step we check if the difference within the distance sum Zd for all the

extracted vectors is less than a certain threshold value
5. if none of the vectors V. are found for the input image, the input image is

rejected
6. if the number of intersecting points 1. is accepted and the difference within the

distance sum Zd is less than a certain threshold value we check the contour-

topology vector F
7. we first search for the same triples (Ng,Ng,N;)of the input contour-topology

vector F with the reference contour vectors F;
8. then for the images with the same triples (N, N, N;) we check ifthe coordinates

of the stored points are the same
9. if the corresponding coordinates of those vectors refer to the same points , the
algorithm finds the winner of classification.

6 Experimental Results and Future Work

We perform our experiments on our own database of collected ear images. At the
moment of writing, the database consists of over 240 images, but we are still adding
more ear images of different type. For each person included in the experiments, we
collected 2 left ear images, first with the camera perpendicular to the head and the
second, with the camera within the specified angle of 30 degrees. We divided the
database to several sets of images concerning their quality and degree of complexity.
So far we have only experimented with images of very high quality and with the ideal
conditions of recognition, without illumination changes. For such “easy” images from
our database we obtained error-free recognition.

In further experiments we work with the “difficult” images and with the changing
conditions of the image acquisition. In order to achieve satisfactory results with such
complex images (Fig. 2) we are improving the contour detection algorithm, so that
long, straight line-contours of glasses and artificial contours of earrings and hair are
eliminated before applying feature extraction algorithm. We also think that the feature
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vectors should be enriched with more geometrical features in order to better
distinguish ear identity. Moreover, we search for other than geometrical features
describing ear images, such as energy and shape parameters. We try to discover,
which features are the most significant in determining ear identity, so that we will be
able to weight them properly in the process of building hybrid vectors of features of
different type.

7 Conclusions

In the article we proposed a human identification method based on human ear images.
We believe that human ear is unique and has many advantages over other biometrics
methods. We proposed invariant geometrical method in order to extract features
needed to classification. First we perform contour detection algorithm, then size
normalization. Thanks to placing the centre of the new coordinates system in the
centroid, our method is invariant to rotation, translation and scaling, which will allow
RST queries. The centroid is also a key reference point in the feature extraction
algorithm, which is divided into 2 steps. In the first step, we create circles centred in
the centroid and we count the number of intersection points for each radius and the
sum of all the distances between those points. All those points are stored in the first
feature vector corresponding to the radiuses. In the second step, we use the created
circles, but hereby we count the intersection points for each contour line. Moreover,
while tracing the contour lines, we detect the characteristic points like endings and
bifurcations. Together with the intersection points for each contour, we store them in
the second feature vector corresponding to contour topology. Then we perform
classification, basing on the simple comparison between the input image feature
vectors, and all the vectors from the database. So far we have obtained very good
results, however we still continue our research in order to improve our method and
add more parameters to the feature vectors.
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Abstract. This paper describes a probabilistic framework for recognis-
ing 2D shapes with articulated components. The shapes are represented
using both geometrical and a symbolic primitives, that are encapsulated
in a two layer hierarchical architecture. Each primitive is modelled so as
to allow a degree of articulated freedom using a polar point distribution
model that captures how the primitive movement varies over a training
set. Each segment is assigned a symbolic label to distinguish its iden-
tity, and the overall shape is represented by a configuration of labels.
We demonstrate how both the point-distribution model and the sym-
bolic labels can be combined to perform recognition using a probabilistic
hierarchical algorithm. This involves recovering the parameters of the
point distribution model that minimise an alignment error, and recov-
ering symbol configurations that minimise a structural error. We apply
the recognition method to human pose recognition.

1 Introduction

The task of recognising articulated shapes has attracted considerable interest in
computer vision. The main problem is how to robustly recover correspondence
when the object under study undergoes deformations and the detected feature
points defining the object are subject to noise. One of the most effective ways of
developing matching techniques is to draw on probabilistic and statistical meth-
ods. This approach has lead to the development of point distribution models [1],
deformable templates [2] and condensation [3]. One of the most important modes
of variation in a moving shape, especially biological forms, is that of articulation.

There are a number of ways in which object articulation can be modelled.
Perhaps the simplest of these is to decompose the shape into a skeletal form,
consisting of limbs or branches, and to model the articulation of the branches.
The mechanical movement of the resulting shape can be captured by the rotation
of the components. However, in order to constrain the change in shape to be
physically realistic bounds, or distributions, must be imposed on the rotation
angles [4, 5]. Hence, the mechanical constraints on articulation must be combined
with a statistical model of limb movement. In addition to movement of the limbs,
the articulated shape also has a structural composition, since the limbs can be

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 62-75, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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assigned labels to distinguish them, and the arrangement of the labels can be
used to provide further constraints for shape-recognition.

The aim in this paper is to develop a statistical framework that can be
used to recognise articulated shapes using information concerning limb move-
ment and symbolic constraints concerning the overall shape structure. To do
this, we develop a hierarchical algorithm. Each shape is represented as an ar-
rangement of articulated limbs. The movement of the limbs is represented by
a polar point distribution model. The structural component of the model is rep-
resented by a configuration of limb-labels. The recognition architecture has two
intercommunicating layers. The first of these is concerned with limb alignment,
and this aims to recover the lengths and polar angles of the limbs. The second
aims to assign limb-labels so that the overall structure is recovered consistently.
The fitting of this two-level model to data is effected using a variant of the
expectation-maximisation algorithm.

2 Point Distribution Models

The point distribution model of Cootes and Taylor commences from a set train-
ing patterns. Each training pattern is a configuration of labelled point co-or-
dinates or landmarks. The landmark patterns are collected as the the object in
question undergoes representative changes in shape. To be more formal, each
landmark pattern consists of L labelled points whose co-ordinates are repre-
sented by the set of position co-ordinates {(z1,¥1),.....(zL,yL)}. Suppose that
there are T landmark patterns. The ¢ training pattern is represented using the
long-vector of landmark co-ordinates X; = (z1,y1, 22,92, --,%L,yr)’, where
the subscripts of the co-ordinates are the landmark labels. For each training
pattern the labelled landmarks are identically ordered. The mean landmark pat-
tern is represented by the average long-vector of co-ordinates ¥ = 71,— 23;1 X:.
The covariance matrix for the landmark positions is

T
2= 23 (X - V)X~ Y 1)
t=1

The eigenmodes of the landmark covariance matrix are used to construct the
point-distribution model. First, the unit eigenvalues E of the landmark covari-
ance matrix are found by solving the eigenvalue equation |~ — al| = 0 where /
is the 2L x 2L identity matrix. The eigen-vector ¢; corresponding to the eigen-
value o; is found by solving the eigenvector equation X'¢; = ay¢;. According
to Cootes and Taylor [1], the landmark points are allowed to undergo displace-
ments relative to the mean-shape in directions defined by the eigenvectors of
the covariance matrix X. To compute the set of possible displacement direc-
tions, the M most significant eigenvectors are ordered according to the magni-
tudes of their corresponding eigenvalues to form the matrix of column-vectors
D = (¢1]¢2]...|dn ), where o, ag, ....., aps is the order of the magnitudes of the
eigenvectors. The landmark points are allowed to move in a direction which is



64 Abdullah A. Al-Shaher and Edwin. R. Hancock

a linear combination of the eigenvectors. The updated landmark positions are
given by X = Y + &, where « is a vector of modal co-efficients. This vec-
tor represents the free-parameters of the global shape-model. When fitted to an
observed set of landmark measurements X,, the least-squares estimate of the
parameter vector is

(@ +97)(X, —Y)

LSRR

¥ =

3 Shape Representation

Our aim is to use point distribution models to account for shape deformations
due to limb articulation. The model is a two component one. First, we have
a limb-model. This accounts for the variations in shape of each of the individ-
ual limbs using a point distribution model to describe the modes of variation
of the landmark points about a mean shape. Second, we have a limb arrange-
ment model. This is an augmented point distribution model that describes the
arrangement of the centre points of the limbs, and their polar angles.

We are concerned with recognising 2D shapes by modelling segment move-
ment around the centre of the shape. The shape under study is assumed to be
segmented into a set of K jointed and non-overlapping limbs. The k** limb is
represented by a long-vector of consecutive landmark points

k

k \T
nk7ynk)

— (k ,k Kk Kk
Xk —_— ((I)l,yl,x2,y2, venell

The centre-of-gravity of the limb indexed & is

Nk

1
ek =— > (af,45)"

n
ko1

The overall shape is represented by a long-vector of consecutive limb centres
C = (cT,cl,..,c%)T. The centre of articulated shape is computed by averaging

the centre of the limbs K«
1
U=—-
R

To model the articulated shape, we use a polar variant of the standard point
distribution model [6]. This model allows the primitives to move about the centre
of articulation According to this model the shape is viewed as an arrangement
of non-overlapping primitives. Each primitive is represented by mean point cg.
Limb articulation is represented by a set of limb-angles. For the k** limb the
angle is defined to be

-1 U(y) - ck(y)

U(z) — ck(x)

and the angular arrangement of the limbs is represented by the vector © =
(61,02, ...,05)T. The global movement of the limbs within a shape is specified

6, = tan
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by the concatenated long-vector of angles and the centres-of-articulation, i.e. by
the vector S = (6T,CT)T.

To augment the geometric information, we assign symbols to the articulated
components. Each training pattern is assigned to a shape class and each com-
ponent primitive is assigned to a primitive class. The set of shape-labels is 2,
and the set of articulated component or limb labels is £2;,. The symbolic struc-
ture of each shape is represented by a permissible arrangement of limb-labels.
For shapes of class w &€ 2. the permissible arrangement of limbs is denoted by
Ay, =< AY, Ay, .. >

4 Learning Mixtures of PDM’s

In Cootes and Taylor’s method [7], learning involves extracting a single covari-
ance matrix from the sets of landmark points. Hence, the method can only
reproduce variations in shape which can be represented as linear deformations
of the point positions. To reproduce more complex variations in shape either
a non-linear deformation or a series of local piecewise linear deformations must
be employed.

In this paper we adopt an approach based on mixtures of point-distributions.
Our reasons for adopting this approach are twofold. First, we would like to be
able to model more complex deformations by using multiple modes of shape
deformation. The need to do this may arise in a number of situations. The first
of these is when the set of training patterns contains examples from different
classes of shape. In other words, we are confronted with an unsupervised learning
problem and need to estimate both the mean shape and the modes of variation
for each class of object. The second situation is where the shape variations in the
training data can not be captured by a single covariance matrix, and a mixture
is required.

Our approach is based on fitting a Gaussian model to the set of training ex-
amples. We commence by assuming that the individual examples in the training
set are conditionally independent of one-another. We further assume that the
training data can be represented by a set of shape-classes 2. Each shape-class
w € §2; has its own mean point-pattern Y,, and covariance matrix X,,. With
these ingredients, the likelihood function for the set of training patterns is

T
p(Xt=1,...T)=[[ D (XY, Z0) (2)
t=1wefl,

where p(X:|Y,, %) is the probability distribution for drawing the training
pattern X; from the shape-class w. According to the EM algorithm, we can
maximise the likelihood function above, by adopting a two-step iterative process.
The process revolves around the expected log-likelihood function

T
Qi1 = > Pt €w|X, Y™, ZM)np(X, YD, 50*Y)  (3)
t=1 we2,
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where Yj") and 2'5,") are the estimates of the mean pattern-vector and the
covariance matrix for class w at iteration n of the algorithm. The quantity
P(t € w|Xt,Yw("),Z‘£,n)) is the a posteriori probability that the training pat-
tern X; belongs to the class w at iteration n of the algorithm. The probability
density for the pattern-vectors associated with the shape-class w, specified by the
estimates of the mean and covariance at iteration n+ 1 is p(XtIYuf"H), ZS,"H)).
In the M, or maximisation, step of the algorithm the aim is to find revised es-
timates of the mean pattern-vector and covariance matrix which maximise the
expected log-likelihood function. The update equations depend on the adopted
model for the class-conditional probability distributions for the pattern-vectors.

In the E, or expectation, step the a posteriori class membership probabilities
are updated. This is done by applying the Bayes formula to the class-conditional
density. At iteration n + 1, the revised estimate is

p(X Y5, 24y

P(t € w| X, Y™, 2(M) = (4)
Y e P Y, S0 )™
where
(m+1) 1 I (n) y(n)
T =5 > Pt €w|X, Y, B0, (5)

t=1

4.1 Mixtures of Gaussians

We now consider the case when the class conditional density for the training
patterns is Gaussian. Here we assume that the pattern vectors are distributed
according to the distribution

(XY™, £M) =
1

(2m)Ey/ |25V exp[

At iteration n+ 1 of the EM algorithm the revised estimate of the mean pattern
vector for class w is

L (X~ YT ()X, — Y)| (6)

T
YD = 3Pt € wlXe, Y, E09) X, (7)
t=1

while the revised estimate of the covariance matrix is

T
TG = 37 P(t € wlXe, YV, B (X - Y (X - YT (®)

t=1

When the algorithm has converged, then the point-distribution models for
the different classes may be constructed off-line using the procedure outlined in
Section 2.
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We apply this learning procedure separately to the landmark data for the
individual limbs, and to the combined limb angle and limb-centre data. For the
limb with label A, the estimated modal matrix is ¢, and the estimated parameter
vector is yx. For the shape-class with label w, on the other hand, the combined
modal matrix for the articulation angles and limb-centres is é,, and the result of
fitting to data is a parameter vector I',,. The first K rows of I, correspond to the
limb angles, and the remaining 2K to the long-vectors of limbs centres. However,
we need to constrain the parameters corresponding to the limb angles. Suppose
that the mean-vector for the limb-angles is 6,, and the corresponding covariance
matrix is X,,. The angular deformations are constrained to avoid flipping by
limiting the deformation vector. We use the variance associated with the eigen-
modes to constrain the deformation. The k** component of the parameter vector
is constrained to fall in the interval —3(/a; < I'x) < 3y/ax The articulation
angles lie in the range —180° to 180° to avoid discontinuities associated with
the flip from 0° to 360°. A similar procedure for learning is followed to learn the
variation in the polar representation of the limb and limb classes.

5 Hierarchical Architecture

With the limb-articulation and limb-centre point distribution models to hand,
our recognition method proceeds in a hierarchical manner. Our aim is to classify
the set of limb landmark long-vectors X = {z1,..., 2, ..., Zx } representing a test-
shape. To commence, we make maximum likelihood estimates of the best-fit
parameters of each limb-model to each set of limb-points. The best-fit parameters
% of the limb-model with class-label A to the set of points constituting the limb
indexed k is

vE = argmg.xp(zklﬁ\ﬁ) (9)

We use the best-fit parameters to assign a label to each limb. The label is that
which has maximum a posteriori probability given the limb parameters. The
label assigned to the limb indexed k is

i = arg max P(l|zx, v», @2 (10)

In practice, we assume that the fit error residuals follow a Gaussian distribution.
As a result, the class label is that associated with the minimum squared error.
This process is repeated for each limb in turn. The class identity of the set of
limbs is summarised by the string of assigned limb-labels L =< Iy,1s,..... >.
Hence, the input layer is initialised using maximum likelihood limb parameters
and maximum a posteriori probability limb labels. The shape-layer takes this in-
formation as input. The goal of computation in this second layer is to refine the
configuration of limb labels using global constraints on the arrangement of limbs
to form consistent shapes. The constraints come from both geometric and sym-
bolic sources. The geometric constraints are provided by the fit of a polar limbs
point distribution model. The symbolic constraints are provide by a dictionary
of permissible limb-label strings for different shapes.
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The parameters of the limb-centre point distribution model are found using
the EM algorithm [8]. Here we borrow ideas from the hierarchical mixture of ex-
perts algorithm [9], and pose the recovery of parameters as that of maximising
a gated expected log-likelihood function for the distribution of limb-centre align-
ment errors p(X|®,, I,). The likelihood function is gated by two sets of prob-
abilities. The first of these are the a posteriori probabilities P(AY |2k, Yae, Paw )
of the individual limbs. The second are the conditional probabilities P(L|A,,) of
the assigned limb-label string given the dictionary of permissible configurations
for shapes of class w. The expected log-likelihood function is given by

=Y PLIAW){HP {len g, Bag) pinp(X16u, 1) (1)

wE,

The optimal set of polar limb arrangement parameters satisfies the condition

I = argmaxP (LiA, {HP A% |zk, Vg @Au)}lnp(X@w,I’w) (12)

From the maximum likelihood alignment parameters we identify the shape-
class of maximum a posteriori probability. The class is the one for which

w* = arg max P(w|X,®,, ) (13)

we.ﬂc
The class identity of the maximum a posteriori probability shape is passed back
to the limb-layer of the architecture. The limb labels can then be refined in the
light of the consistent assignments for the limb-label configuration associated

with the shape-class w
L = arg max P(A|zx, ', $) P(L(\, k)|4w) (14)
Finally, the maximum likelihood parameters for the limbs are refined
T = argmaxp(zx|®y,, 7, L) (15)

These labels are passed to the shape-layer and the process is iterated to conver-
gence.

6 Models

To apply the model to shape-recognition, we require models of the alignment
error process and the label error process.
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6.1 Alignment Errors

To develop a useful alignment algorithm we require a model for the measure-
ment process. Here we assume that the observed position vectors, i.e. zj are
derived from the model points through a Gaussian error process. According to
our Gaussian model of the alignment errors,

= 1 1 . ~ N -
P(zk|Px, 1) = 2mg P [_T‘z(zk — X — &) (2 — X0 — §ayn)| (16)

where o2 is the variance of the point-position errors which for simplicity are
assumed to be isotropic. A similar procedure may be applied to estimate the
parameters of the polar limb-angle distribution model.

6.2 Label Assignment

The distribution of label errors is modelled using the method developed by Han-
cock and Kittler [10]. To measure the degree of error we measure the Hamming
distance between the assigned string of labels L and the dictionary item A. The
Hamming distance is given by

K
H(L,A) = 01 (17)
i=1

where ¢ is the Dirac delta function. With the Hamming distance to hand, the
probability of the assigned string of labels L given the dictionary item A is

P(L|Ay) = K, exp|—kpH (L, A,)] (18)

where K, = (1-p)¥ and k, = In 1—;2 are constants determined by the label-error
probability p.

7 Experiment

We have evaluated our method on sets of images of people in different poses. Fig-
ure 1 shows an exampled of the images used in our experiments, and illustrates
the steps used to abstract the human subject for the purposes of recognition. In
Figure la, we show the original subject, who is wearing white markers to dis-
tinguish the main control points, or limb-centres, of our model. Figure 1b shows
the subject *“ skeleton”, and Figure 1c the set of strokes constituting the shape.
In Figure 2 we show sets of example “skeletons” from a number of distinct body
poses which we have used for the purposes of training. In total we have collected
images of 14 distinct poses, and there are 20 examples of each pose. Each exam-
ple is composed of 13 limb segments, and each limb-segment centre is identified
by a marker. In Figure 3 we show four examples of the mean-shapes recovered
as the output of the learning stage.
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(a) (b) (c)

Fig. 1. Shape Representation. (a) shooting; (b) extracted shape limbs; (c) shape limbs
center

Fig. 2. Training Sets

To evaluate recognition performance, we have used 1200 images corresponding to
different pose classes for testing. Figures 4 and 5 show the learned shape models
iteratively aligning to the “Boxing” and “Stretching” pose samples. The figure
illustrates how the model adapts in a flexible manner to fit the example shape
in a relatively small number of iterations. In the figure the test-shape is shown
in black lines while the model is shown in red.
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(b) (c) (d)
Fig. 3. Learnt Shapes:(a) Boxing, (b) Kicking, (c) Relaxing, (d) Stretching

/@ fé Il
(a) (b) (c) (d)

Fig. 4. Boxing Alignment: (a) iteration 1, (b) iteration 2, (c) iteration 3, (d) iteration 4

& 2
(a) (b) (c)

(d)

Fig. 5. Stretching Alignment: (a) iteration 1,(b) iteration 2, (c) iteration 3, (d) itera-
tion 5

S ol NONTe

To illustrate the effectiveness of the recognition method when the input is
confused, we have experimented with a test shape that overlaps two model
shapes. In this example the test shape can fall into either the “Kicking” or
“Shooting” classes. Figure 6 shows the alignment process. Initially, both the
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AN

(a) (b) (c) (d)

(e) (f)

Fig. 6. Alignment: Kicking: (a) iteration 1, (b) iteration 2, (c) iteration 3, (d) itera-
tion 4; Shooting: (e) iteration 1, (f) iteration 2

“Kicking” and “Shooting” hypotheses have low a posteriori probability. How-
ever, after several iterations the “Kicking” model dominates the alternative hy-
pothesis.

To explore the capacity of the method to identify clusters of poses, we have
applied principal components analysis and multidimensional scaling to the vec-
tors of fitted model parameters extracted using our recognition method. Figures 7
and 8 respectively show the result of applying MDS and PCA to the alignment
parameters for 54 sample shapes drawn at random from the set of shape-classes.
In the top row of the two figures, we show the result of projecting the data
onto the leading three eigenvectors. In the bottom row of the two plots, we show
the matrix of pairwise distances computed from the projection of the data into
the three dimensional eigenspace. In the left-hand column of each plot, we show
the results obtained with the initial parameter vectors, while the second column
shows the results with the parameter vectors at convergence. The main effect
of iterating the recognition method is to improve the clusters of shapes. This
is reflected both by the distribution of data in the eigenspace, and the block
structure in the pairwise distance matrices. Moreover, a better cluster structure
emerges when MDS is used rather than PCA. However, a deeper analysis of
the data reveals that PCA gives a better cluster structure when the shapes are
subject to scaling.
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Fig. 7. MDS Classification: top row shows the embedding and the second row represent
distance matrix;(a) iteration 1, (b) final iteration

To take this investigation one step further, Figure 9 shows the effect of adding
random noise to the patterns. Here we apply MDS to the Euclidean distances
between the final reconstructed shapes using the model parameters obtained at
the final iteration of the fitting algorithm. The left-hand panel shows the MDS
embedding of 6 shapes with 15 examples each. Here the different shape classes are
shown in different colours. The right-panel shows the pairwise distance matrix.
It is clear that the method produces good shape clusters even under conditions
of noise.

Table 1 shows the recognition rates for six shape classes. The overall correct
recognition rate is 93.16%. The poorest recognition occurs for the kicking, the
picking and the shooting classes. Since these classes share similar limb configu-
ration, we can conclude that recognition is reasonably high.

8 Conclusion

In this paper, we have described a method for fitting articulated shape-models
to landmark point data. The shape deformation process adopted is based on
point distribution models. The model representation is a hierarchical one. There
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Fig. 8. PCA Classification: top row shows the embedding and the second row shows
the distance matrix; (a) iteration 1, (b) final iteration
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Fig. 9. MDS data-model distances. (a) 6 clusters of 90 shapes, (b) dissimilarity matrix

is a Cartesian deformation model for the limbs and the limb-centres, together
with a polar model which represents limb articulation. We develop a probabilis-
tic framework for fitting a mixture of articulated models to data. The method
delivers good results of human shape modelling.
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Table 1. Recognition rate for shape classes

Shape Samples | Correct | Wrong
Boxing 200 198 2
Kicking 200 163 37
Relaxing 200 197 3
Picking 200 181 19
Stretching 200 200 0
Shooting 200 179 21
Recognition Rate 93.16% 6.83%
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Abstract. In this paper, a method for image deformation is presented. It is
based upon decomposition of the deformation problem into basic physical laws.
Unlike other methods that solve a differential or an energetic formulation of the
physical laws involved, we encode the basic laws using computational
algebraic topology. Conservative laws are translated into exact global values
and constitutive laws are judiciously approximated. In order to illustrate the
effectiveness of our model, we utilize the viscous fluid model to achieve
neuroanatomy image registration

1 Introduction

Physics-based deformation has been gaining in popularity since the introduction of
active contours by Kass et al. [1]. The physics-based deformation problem is solved
by combining the basic physical laws that constitute the fundamental equations of
continuum mechanics. These equations may be developed in two separate but
essentially equivalent formulations. One, the integral or global form, derives from a
consideration of the basic principles being applied to a finite volume of the material.
The tessellation of space into finite volumes using the finite elements method (FEM)
or the finite volumes method (FVM) gives rise to discrete equations that can be
directly implemented if the physical space is discrete in nature, as in the case of an
image. The other, differential or field approach, involves equations resulting from the
basic principles being applied to a very small (infinitesimal) element of volume. As a
result of the continuum assumption, field quantities such as velocity and displacement
which reflect the mechanical or cinematic properties of continuum bodies are
expressed mathematically as continuous functions, or at worst as piecewise
continuous functions, of the space and time variables. Moreover, the derivatives of
such functions, if they are considered at all, should be continuous. In practice, it is
often proposed to derive the field equations from their global counterparts instead of
using the global forms directly. The convenience of the differential forms often
argues in favour of this. However, the major drawback of such an approach when
dealing with the deformation problem is that the description of the material will be
accurate only if the displacement and velocity fields vary slowly over the size of the
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elements used [3]. This drawback arises directly from the use of a differential
formulation of the physics-based laws involved. Indeed, field equations in a
differential formulation are subject to restrictions imposed by derivability, restrictions
that are not related to the physical phenomenon investigated.

In this paper we introduce a new formulation of physics-based image deformation.
The proposed formulation is based on the computational algebraic topology (CAT)
based image model introduced by Ziou and Allili [4]. In our model, we propose to
derive the equations governing the viscous fluid based deformation directly for a
discrete volume, not for an infinitesimal point, using the basic laws instead of the
differential equations. In fact, we will show that there is no need to write the
equilibrium balance for an infinitesimal point, thereby introducing a differentiability
restriction, when equilibrium holds for a whole region. The proposed approach is
validated through a series of tests on neuroanatomy registration.

2 The CAT-Based Image Model

In the CAT model [4], an image is composed of two distinctive parts: the image
support and some field quantity associated with it. The image support is a complex of
unit cells, usually called pixels. A pixel of dimension g is called a g-pixel. Hence, the

pixel y %2 in figure 1 is a 2-pixel. The boundaries of ¥ are 1-pixels, referred to by

us as the 1-faces of ¥ Similarly, the boundaries of each 1-pixel are O-pixels, which we
refer to as O-faces. A natural orientation is associated with each of these faces as
indicated in figure 1. We define a cubical complexin R™ as a finite collection K of g-
pixels. A g-chain is defined as a linear combination of g-pixels. A formal expression

for a g-chain ¢, is ¢, =Zy.e Kﬂ,-}/,- , where A;€ Z. The last step needed for the

description of the image support is the introduction of the concept of a boundary of a
chain. Given a g¢-pixel % we define its boundary, dy, as the (g-1)-chain

corresponding to the alternating sum of its (g-1)-faces. The sum is taken according to
the orientation of the (g-1)-faces relative to the orientation of the g-pixel. In order to
model the pixel quantity over the image plane, we look for an application f;, which
associates a global quantity with all g-pixels. The resulting application f; is called a g-
cochain and may be any mathematical entity, such as a scalar or a vector. Finally, let’s
define a generic operation that links a (g+1)-cochain and a g-cochain defined on its
boundaries. This relationship is described by the coboundary operator ¢,. Given a
(g+1)-chain y this operator is defined by J,f1, (y)= Jq (aq+17). The coboundary is

defined as the signed sum of the physical quantities associated with the g-faces of ¥
The sum is taken according to the relative orientation of the g-faces of the (g+1)-
pixels of
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O-pixels 1-pixels

Fig. 1. A 2-pixel 7 and its boundaries

3 Physical Modeling of the Deformation Problem

The first step consists of deriving the conservation of momentum law, which
establishes the relationship between the external forces applied to a material and the
resulting deformation. Consider a material, M, subject to a system of external forces,

denoted by F®  In the case of viscous fluids, internal forces, F™ = HL pg av,

will be developed to counterbalance the external forces. In order to describe the
dynamic behaviour of the material, we use Newton’s second law, which states that the
resultant force acting on a body, with a density of material p, moving at velocity v is

equal to the rate of change over time of the linear momentum pv. Hence

%HI_QP;KIV = FM 4 Fel = Iﬂg-adV+ ”IQpI;dV, 1)

where ¢ = lo’,j] is the 3 by 3 stress tensor [3]. In what follows, we will focus on the

equilibrium state of the material. Hence, solving the deformation problem will be
equivalent to determining the material state after the deformation has been achieved.

. S . o N T .
A viscous fluid is said to be in equilibrium if 7:0. Hence, the conservation of
t
momentum equation for a viscous fluid can be rewritten at equilibrium as follows:
Fint 4 fext o ”I (§-a+ Z)dV:().
L p @
Note that this equation is a conservative equation, which provides a direct link

between the external forces Hj;: pz dV and the internal forces ” g-adV. The

stress tensor is related to the strain tensor by the constitutive law which is local by
nature and which defines the behaviour of the viscous fluid when subject to stress.
This relationship is given by the Hooke’s law [3]:

o=[Aer(e))- plid +2ue, 3)
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where A, and # are the Lame’s constants, p is the pressure, #r is the trace operator, Id
is the identity tensor, and € is the strain tensor. Finally, the strain is defined by the
well-known strain-velocity relationship [5]:

1| ov;, Ov;
g ==+, ij=123.
v 2{:8)&']- 8x,} o (4)

In the reminder of this paper, we will consider another tensor d, where

d=¥5= ((vvl)’,(vvz)f,(vv3)f). ®)

. . . . d+d’
It is easy to see that £is the symmetric part of d, that is: € = .

4 CAT-Based Formulation of the Deformation Problem

The conservative laws involved are: the conservation of momentum in equation (2)
linking the external forces to stress; and the strain-velocity relation in equation (5). In
the context of CAT, the velocity and the strain quantities are associated with a

complex describing the image support configuration. This complex is called K? and
it is positioned in such a way that its O-pixels are centered on the image pixels (Fig.
2.-a). Besides, the external forces and stress which describe the dynamic state of the

fluid are associated with a dual complex K* . This complex is positioned in such a
way that its 2-pixels coincide with the image pixels (figure 2-a). A 2-pixel yg from

K? intersects four 2-pixels of K7%. This construction allows us to write the
equilibrium equation for each 2-pixel ¥z . This involves examining and collecting the
contributions of each portion of 2-pixels from K% surrounding . In this way,
equilibrium relations are established over yg directly in a discrete form, without
approximation. In order to encode the strain-velocity relation in equation (5), consider
a 2-pixel yp of K? as shown in figure 2-b. The strain tensor d can be modeled as a
l-cochain D, positioned on the 1-faces yp, of ypwith 9yp; =x —xy (figure 2-c).
Thus

Di(yp, )= [dar = E‘Wdl. (6)
Dj #

Since the velocity is known only at the O-faces of yp, it is modeled as a O-cohain,
noted ¥,, positioned on the O-faces 9yp, . By evaluating the line integral in

equation (6), it could be shown that the cochain Dj is the coboundary of ¥, . So that

Di(rp) = 6 ¥h(rp, )= ¥h 7D, )= ¥h() - ¥hixy), @)
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Fig. 2. a) Complexes K” and K, b) cochain D, , ¢) cochain ‘¥,

which is a discrete representation of equation (5).
In order to express the conservation of momentum in equation (2), consider a 2-

pixel yr from K* as shown in figure 2-a. The external forces over the surface of 75
are expressed as a 2-cochain ¥,(yz). In the equilibrium state, this cochain is
calculated from equation (2) by:

F(yr)= ILFpZdS=—I_LY-0'dS. (8)

Applying the divergence theorem on equation (8), we have

4
F,(yp)=- Lcy;;ﬁ di = -iZ:; L o, dl, ©)

h

where yg, is the i" 1-face of ¥ and ng, is the normal vector to yg, . This allows us to

define the stress tensor in equation (9) as a 1-cochain, as follows:

silys, )= -[/s. o g dl. (10)
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The I-cochain S| is positioned on the 1-face 7s,- The cochainF, is the

coboundary of §;, so that

Fz(}’p)=‘és (7F)=-S a}’F i(}’s,)’ (11)

W MA

which is the discrete representation of equation (2). Since ¥ intersects four 2-pixels

of k¥ , we use four approximation functions &',5%,5° and &*, which describe the
stress tensors on each 2-pixel surrounding ¥x . These functions are used to build the

stress cochains in equation (11):

AD
> — —
Sl(}’S,)‘ Ial[ﬁzﬁ:szﬁldxz'* _[52[:? xz]ﬁldxz
0 AH
2
by
2 A ‘ A
312(75,-) Iaz[xl ——Jﬁz dxy + i53(x1 —T]nz dxy
0 AF
T2

_AH
2
AB
P ‘ D
4 ~1 - ~4 =
S1 (}/Si)= J- o [xl,—z-)lm dx1+ _J‘_O' [xl,-—z—)fm dx1 .
0 AF
2

The strain tensor in the Hooke’s law is replaced by a local piecewise
approximation, so that for each 1-face yp, of ¥p, equation (3) becomes:

.97
&= Z[tr[d+2d ]]—-Kp 1+ﬂ(§+ET), (12)

where the “~” sign stands for a local approximation of a given variable. In order to
express equation (12) at a local level, the strain tensor d must be calculated for each
location within ¥p. Since d is derived from the velocity v (see equation (5)), the
latter must be locally known. In the previous sections, the 0-cochain ‘¥, was
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associated with the O-pixels of K7 ; hence, v is derived using a bilinear interpolation
of order 1 over yp. The bilinear interpolation of W, over ¥p can be expressed as
follows [6]:

T
Yino ~Vilo
2 48 )
ﬁ(xl,x2)=z Vioo + VXL.__M- -x; [|€> 13)
i=1 4D X%,
Vi00 t Vit ~Vior ~Vilo
ABAD

T
where the velocity at the pg™ 0-pixel is given by Vg =(v1 pa?"2 pq) . Finally, the

external forces cochain can be rewritten in terms of the velocity on the O-pixels
surrounding ¥ , as follows:

4
=— o n d.
F,(7r) Z; I/s,.“"‘d (14)

Equation (14) can be considered as a linear algebraic system that can be rewritten
as the product of a matrix encoding the basic physical laws and a vector containing
the velocity values:

S
¥1,00
,
V2,00
r
V.
Y Ty kg o kgg)| 1O
Rir)=|"1 1=, ' r i
FE | kr ka2 - kaps | V201 (15)
r
Vi~1~1
,
| V2,-1-1

where
9 3 1 1
ki =kyp = (_Eﬂ +—2-/1) shkis=kg=kya=ky 0= (Zﬂ —Zl) ,

5 3
kis =k =kye=kyyo = (Zﬂ ‘Zﬂ) >

3 i
kig=kiz =kius =kir =kyg =ky14 =kp16 =kg13 = (gﬂ +§1) ,
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1 1
kig =kiya =kyjo =kiig =kog =kyyz3=kyys =kyp7 = (Z/Hzﬂj ,
kip =kya=kig =kjjo =ki2 =ka1 =ko3 =kps=kpg =ky11 =0.

Once the velocity at a given time ¢ is determined, the resulting displacement at time
t+1, u,,1,can be calculated using the discrete material equation given by [2]:

i, =i, +At(l— (vz, )T)v, : (16)

5 Experimental Results

In neuroanatomy registration, the main objective is to match an image I, called the
template to another image I, called the study. The study is usually a set of images

representing a healthy brain. The registration of a patient’s brain onto an atlas consists
of finding the set of geometrical transformations that must be applied to the atlas to fit
the patient’s brain images. Once the transformations are known, all of the information
contained in the atlas, such as structure names, sizes, locations, and atlas
segmentation, is mapped onto the patient’s brain images. One of the most cited work
in the literature is the viscous fluid model proposed by Christensen et al. [2]. In their
work, Christensen et al. proposed to solve the following PDE:

(—

ﬂV2;+(l+ﬂ)§(V~;)=ﬁat. 17)

An iterative scheme is then derived to solve equation (17) using the successive
over-relaxation (SOR) with checkerboard update method [2]. This approach will be
compared to the CAT-based image deformation as described in section 4. Hence, the
brain images will be considered as viscous fluids. The external force in equation (15),
which deforms the template onto the study, is derived from the derivative of a
Gaussian sensor model and defined as follows:

EX = —((x, %)~ L (x1.%2)) Vi, (18)

where VIis the gradient of I. The external force in the equation above attempt to
make edges in the template and the study fit. Note that the use of such a force requires
the template to be initially aligned with the study so that they overlap. Experiments on
brain images will be presented below. The resulting registration and time processing
are compared with those obtained using the SOR algorithm. In all experiments, we
assume that the template and the study contain the same structures, A and # are set at
1 and 5, respectively. The experiments were performed on a sample of CT scan
images measuring 256 x 256 pixels. The left column in figure 3 shows the templates
and the right column the studies. Pairs (A) and (B), are not equivalent since they do
not contain the same configuration of grey/white matter. The deformed templates
obtained using the CAT-based algorithm are shown in the middle column. Notice that
the algorithm accommodates local shape variations and large-scale deformations well,
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with a good level of detail. However, there are some situations where the algorithm
cannot recover the study shape, such as the grey matter in pair (A). This is mainly due
to violation of the initial assumptions concerning similarity of the white/grey matter
configuration. A 3D registration can overcome this problem, since the information
from other slices will make the template and the study match. The second column in
table 1 indicates the mean and standard deviation of the grey-level difference between
the deformed templates and the studies for the CAT-based algorithm. The third
column indicates the same measures when the SOR algorithm is employed. The
obtained measures indicate that the CAT-based algorithm yields the best performance
in terms of accuracy. Moreover, it is important to mention that the CAT-based
algorithm takes only 10 iterations to perform the deformation, whereas the SOR
requires 250 iterations to solve equation (17) and 100 iterations to accomplish the
registration.

Table 1. Mean and standard deviation of the difference between the deformed template and the

study
Experiment Our method SOR method
A u=6.0c=12.6 p=109c=19.2
B p=68c=13.8 u=930c=172
C p=62c=13.2 pL=91c=16.6

6 Conclusion

In this paper, we have presented a new approach for image deformation utilizing
viscous fluid model. In the proposed approach, the image model is based on algebraic
topology. This allows us to decompose the image deformation problem into one of
basic physical laws. Cochains encode these laws over complexes and are linked
together using coboundaries and codual operators. The major advantage of such an
approach lies in the possibility of solving the deformation problem directly from the
exact global forms rather than from discrete differential forms. Consequently, errors
resulting from the approximation of continuous fields (i.e., displacement and
velocity) and derivative operators by discrete forms can be reduced. Furthermore, the
idea of expressing the physics-based deformation in a modular way is very interesting
since it can be applied to solve other pattern-recognition problems based on a
physical interpretation. CAT-based deformation under the viscous fluid assumption
was tested successfully for the neuroanatomy registration.
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(A)

(B)

Fig. 3. Left: template; middle: after viscous fluid deformation; right: study
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Abstract. We present a method to solve the human silhouette tracking
problem using 18 major human points. We used: a simple 2D model for
the human silhouette, a linear prediction technique for initializing ma-
jor points search, geometry anthropometric constraints for determining
the search area and color measures for matching human body parts. In
addition, we propose a method to solve the problem of human members
recognition and 18 major human points detection using silhouette. This
result can be used to initialize a human tracking algorithm for real time
applications. Our main purpose is to develop a low computation cost al-
gorithm, which can be used independently of camera motion. The output
of the tracking algorithm is the position of 18 major human points and
a 2D human body extraction. In cases of low quality imaging conditions
or low background contrast, the result may be worst. For these cases we
defined an appropriate criterion concerning tracking ability.

1 Introduction

The analysis of human motion using computer vision techniques attempts to
detect, track and identify people and recognize their activity. There are many
applications in many areas such as analysis of athletic events, 3D virtual real-
ity based on real motion, video conferencing, content-based image storage and
retrieval, etc.

There has been a significant number of recent papers on human tracking.
The following works give an overview of the various task involved in motion
analysis of the human body. Aggarwal and Cai [1] focus on major areas re-
lating to interpreting human motion, like motion analysis, body parts tracking
and recognition of human activities using image sequences. In a more recent
work, Wang, Hu and Tan [6] emphasize on three major issues of human motion
analysis systems, namely human detection, tracking and activity understanding.
According of them, there are 2D, with or without explicit shape models, and 3D
approaches.

Firstly, we consider 2D approaches. The system called W* [3] uses
a statistical-background model to locate people using stable cameras. W* uses
a statistical-background model to locate people using stable cameras. W* al-
lows multiple person groups and detects and tracks six main body parts of each

* This work was supported by the DXH project.
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person using a static-shape model. In our silhouete analysis method we use sil-
houette statistics like silhouette projections as in the W*. Cheng and Moura [2]
represent a system that tracks a walking human with monocular video using
a 2D model, motion and texture. The human walker can be shaped by a stick
model with 12 cone-shaped body parts. The above 2D models are similar to our
2D model mainly in that they both use human joints. Wang, Ning and Tan [7]
propose a method to recognize and track a walker using 2D human model and
both static and dynamic cues of body biometrics. Kakadiaris and Metaxas [4]
present a 3D model-based method for motion estimation of human movement
from multiple cameras.

1.1 Objectives

The main objectives of the silhouette analysis method is the the 18 major hu-
man points detection using silhouette image. In this problem, there are many
solutions because of the projection from 3D in 2D image plane. Our method pro-
vides only one of them without using color information. The method is executed
automatically, indepedent of silhouette rotation, scaling, in complex (with over-
lapping parts) - noisy silhouette, and without any initial information about the
silhouette. The 2D human silhouette tracking in the whole sequence, tracking
the set of predefined major human points and constructing a 2D segmentation
map from them in every image of the sequence. As input, we use color images
from a single, uncalibrated and maybe moving camera. The acquisition of real-
istic human motion by combining anthropometric geometrical constraints, color
segmentation using an initial learning method, and time series information us-
ing a prediction method. The efficient searching that reduces the complexity and
speeds up the algorithm without accuracy loss, is an important feature of our
algorithm.

The main hypothesis of our method is that the human head and main body
are almost completely visible in the whole sequence. Also, the color of any sep-
arate human part should not be changed too much. Colors are represented in
the Lab color system, because it is closest to human color dissimilarity percep-
tion and the distance between colors can be modeled by Euclidean distance.
The EMD is based on a distance between histograms. The EMD allows partial
matching with very good performance [5].

The paper is organized as follows. The section 2 describes the human sil-
houette analysis, containing the human members recognition and major human
points estimation method. In section 3 the human tracking algorithm is exam-
ined. Finally, sections 4, 5 provide experiments results and the discusion.

1.2 Overview

In this section we are going to specify the data collection methods, the main algo-
rithmic steps, the model adopted and the hypothesis used. The silhouette analy-
sis method can be divided into two stages. In the first stage, human members are
recognized. In the second stage, the 18 major human points are estimated using
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the result of the stage one. Both of the stages have been developed according to
the following rule. First, the head is searched, because it has a well defined and
static shape. Next, we compute the position of the main body, because it can be
easily determined using the head position. Finally, we can compute the position
of the legs and the arms. The main steps of the human tracking method are the
following.

— Initialization: Dominant colors extraction for every body part based on joint
points position. It is executed only in the first image of the sequence.

— Tracking loop for every part sequentially: head, main body, legs and arms.
For each subpart it is executed: Color Distances Computation, Visibility
Computation, Position Prediction, Search by best matching.

The human tracking method is executed automatically apart from the initial-
ization step. In order to minimize the complexity cost, a sequential algorithm
is used for each part or subpart. This is required because the complexity would
be O(N38) for 18 points in the image plane, where N is the number of image
points. Using an appropriate sequential algorithm, we can reduce the complex-
ity to O(N?). First, we search for the head, because it is the most visible part,
and it usually has specific and distinctive color and texture. If we estimate the
head position correctly, then we can predict with sufficient accuracy the position
of the main body, and finally we can compute the position of the legs and the
arms. Following this sequential search, the search area of the body is significantly
reduced.

Our method uses color images, because we want to use the whole color infor-
mation to get better results. We use a 2D human silhouette model, which was
created by the position of 18 major human points. Moreover, the human body
is divided into 6 parts (Figure 3): head, main body, left arm, right arm, left leg
and right leg. Some parts, like legs and arms, have articulated motion. For this
reason we divide these parts into subparts. We use two subparts for every arm
and three subparts for every leg. The 2D model that we use comprises an ellipse
model for the head, and polygon models for the other parts.

2 Human Silhouette Analysis

2.1 Human Body Parts Recognition

In this section we examine the human body members recognition method. The
human body is divided into the following six members: head, main body, left leg,
right leg, left arm and right arm. The human silhouette pixels will be classified to
one of the above members. An example of silhouette image is shown in Figure 1,
the white pixels correspond to the human body, while the gray pixels correspond
to the background. The member recognition algorithm is sequential. The more
visible members are computed first decreasing the search space of the others.
First, the major human body axis is determined using central moments. The
silhouette is rotated according to the major axis. The rotation center is the mass
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Fig. 1. The second figure shows the silhouette of the human of the first figure. An
example of successful execution of the end of head (blue point) localization method
(third figure). The left arm, of the right figure, can be distinguished from the main
body because the proportion of red boundary pixels is high (fourth figure)

center of the human. Now, the human is located vertically. Next, we estimate
the end point of the head (Xg4,Y3) using the following iterative method (Fig-
ure 1). The (X4, Yy) point is initialized as the human body mass center (m., nic).
The (Xg4,Yy) is changed dynamically having always the meaning of the mean
of human points that belongs to the same line. So, the above method can be
characterized as dynamic mean method.

Dynamic Mean Method
Xa=me, Yg=n
repeat {
Xag=Xg—-1, Y= E(Xd,y)EMa'n,(y)
} until (X, - 1,Yy) € Background

The head region will be placed in a rectangle defined by the point (Xg4, Yy)
as the end of the head. The maximum height and width of the head are propor-
tional to the human height which can be easily estimated by the silhouette. The
two shoulder positions, that will define the down limits of the head region, are
determined by the first local minimum of the left and right horizontal silhouette
projections.

The main body region is computed using an iterative algorithm similar to
the end point of head estimation method. The maximum height and width of the
main body are proportional to the human height. Using the human boundary,
it can be determined if the arms can be distinguished from the main body
(visible arm) and if the legs are distinguished. The rule is the following: if the
proportion of the boundary pixels whose the closest background pixel is on the
right, computed in an area where is located the left arm, exceeds a threshold,
then the left arm can be distinguished from the main body. The above value is
the ratio between the red pixels and the red plus green pixels of Figure 1. This
knowledge helps in definition of the main body limits.

The legs and arms regions estimation can be done in the same time. An initial
approximation is computed using the mass center of the human and the border
point D that discriminates the left and right leg. Figure 2 shows an example of
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Fig. 2. The initial approximation and the final segmentation result (figures on the
left). Human parts and their skeletons (figures on the right)

the initial segmentation. It is possible that more regions than six, that is the
number of the human members, will be created. For these cases, we determine
first which are the fault regions using the surface and the mass center of the
regions. Next, we join the faults regions to the regions which have the most
common boundary points with the faults regions. In the Figure 2, the false left
leg region is correctly classified to left arm member.

2.2 Major Human Points Estimation

In the second stage, the 18 major human points are estimated using the seg-
mented to human members silhouette. The method uses the skeleton of each
human member in order to reduce the computation complexity, as the joint
points are located to skeleton points. The skeleton is defined as the set of points
whose distance from the nearest boundary is locally maximum. An example of
human members skeletons are shown in the Figure 2. The points are computed
sequentially. The easier defined points are computed first decreasing the search
space of the others.

First, the center of the head is computed as the mass center of the head region.
The neck point is defined as the mean of the boundary between head region
and main body region. The two shoulders points are computed by minimizing
an appropriate function F. The function domain is an isosceles triangle whose
vertex is the neck point and its base vertexes are the two shoulders points. The
function is minimized when the triangle base is maximized and the triangle
height is minimized at the same time. The 18 major points formulations are
defined in Figure 3. The points (9), (10) of the main body are computed using
the main body height and width. The points (11), (15) of the main body are
defined by the mean of boundary between main body region and left or right leg
region respectively. The ankle point is computed first. We compute the farthest
point K of skeleton points from point (9) using one line segment that should
belongs to silhouette. The ankle point A is defined as the farthest point, of the
not visited skeleton points, from K using one line segment. The knee point K
is estimated by minimizing the function G(X) which is defined by the following
equation. Let F be the point (9) of the main body. Let the function d(X, AF)
be the minimum distance of point p from the line segment AF. GX) =
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Fig. 3. The 18 major human points, the 2D human model, the left leg distance image
of the right image

(| XF|—|XA)?-0.2-d%(X, AF) . If the point X is located close to the middle
of AF and close to the knee angle at the same time, then the function G will be
minimized. Finally, the end of leg point E is computed using the knee and ankle
points. The E point search area is the left leg skeleton points which are close
to the ankle point. The E point is defined as the skeleton point, whose distance
from the point K is maximum. In each arm, we have to compute two points, the
elbow point and the end of arm point. The computation of the left arm points
is similar to the computation of the right arm points.

3 Human Tracking Method

3.1 Color Distance Images

The color distance image is an important measure used in human tracking
method. We compute them for every part and subpart. The gray value at a given
pixel of the color distance image corresponds to the minimum distance between
the color of the considered pixel and the nearest color among the dominant col-
ors of the part or subpart, where the point is assumed to belong. The dominant
colors are computed once during the initialization process, where the segmen-
tation of the body parts can be user guided. In Figure 3 an example of color
distance image is illustrated.

3.2 Threshold — Visibility Computation

Our method is based on color segmentation using the color distance image. Hence
a threshold is needed. In addition we define a visibility measure for evaluating
the ability of a given part detection in its changing background. In this section,
we examine the automatic threshold and visibility measure computation. These
computations are executed for every new frame of the sequence. The algorithm
is related to color information, so the color distance images are used. We need to
update these values, because the image colors probably could be changed (shad-
ings, color effects). The threshold and the visibility information computation are
unsupervised. These methods use the dominant colors and the color distance im-
ages of the part or subpart. The threshold corresponds to the maximum value
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of the color distance image for a pixel belonging to the considered part. First,
the histogram (H) of the color distance image is computed. The threshold Tj
and the visibility measure V, for a part or subpart g depend on the distance
distribution.

Let I; be the Color Distance Image of part g and S be the part surface in
pixels. Let us define two thresholds W; and Ws, so that the pixels of the color
distance image that have lower value than Wj, probably correspond to pixels
of the foreground, else, if they have higher value than W, probably correspond
to pixels of the background. So, the maximum of T, is W2 and its minimum
valueis Wi. A constant ¢g, with values between 2 and 4, depending on the part
size, is used in the definition of Ty. Let us define first the cumulative empirical
probability: f(n) = Y. .o H(k). Then the two limit values are defined as follows:

Wi =ming(t: f(t) > 8) Wo=min(t: f(t) >¢4-5) (1)

Finally, we define the threshold value T, automatically as the mean of Wi
and Wa. The visibility measure (V) is relevant to the ability of a human part
detection (foreground/background contrast). It is defined separately for every
part. The visibility measure could take any real positive value. If a part has null
visibility measure, then it will be almost impossible to extract it.

The main steps of the visibility measure (V) computation are the following.
At first two average values, vy, vg, are computed,

vn=En:f(n)<8) ve=EMNn:(c—1)-S< f(n)<cyg-S)) (2)

These values play the same role as the W; and W, for the threshold determi-
nation. The visibility measure of a part is proportional to the difference be-
tween v1,ve (Equation (3)). When v, takes values higher than 6, then the part
in the current image will probably differ from its dominant colors. So, the part
visibility measure should be decreased (third factor in Equation (3)). The second
factor in Equation (3) has similar meaning as the third.

V, = (va —v1)- (1 — e (). e~ (3)

If a part has visibility measure more than 2, from our experience we conclude
that it will have high contrast against the background.

3.3 Initialization, Prediction

The initialization step is executed only in the first image of the sequence. The
user has to give the position of the predefined 18 major human joint points
(Figure 3) in the first image of the sequence.

The algorithm is the following. Using these positions in the first image we
construct a 2D shape of the human to get the color information of every body
part and subpart. The 30 dominant colors of each part and the 15 dominant
colors of every subpart are computed using the Self-Organizing Map (SOM)
neural network. An appropriate coordinate system is used in order to utilize the
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NN

Fig. 4. The head mask, a head tracking result, the body mask and the 3 masks that
are used in arm tracking

human motion, with the center of the head as the coordinate center. Relative
coordinates are used for the main body points (7 points). We use angle and
amplitude, which determine the positions of joints (10 points). The angle and
the amplitude of each joint are computed by using its neighbor joint which is
closer to the main body.

The prediction model is described following. This model is used in every
image of the sequence. The prediction of the position for the 18 major points is
computed using the positions of these points in the two previous images of the
sequence. The prediction of the 7 main body points (in the relative coordinate
system of the head) is given by the positions of these points in the previous
image. For the other 10 joint points, we use a fixed coefficient first-order filter
to predict the angle in a relative coordinate system. Concerning the prediction
of the part length it is likely to be near that in the previous frame.

3.4 Head Tracking

At first, we search for the head because it is the most visible part and it usually
has specific color and texture. The head is defined in the 2D model by two points,
the center of the head and the neck point. Because of the 2 degrees of freedom
of every point, the complexity of the head tracking would be O(N4). We use
a sequential algorithm to reduce this complexity to O(N?).

According to the 2D model the position of the center of the head determines
the translation and the position of the neck point determines the rotation and
the size of the head. In most of the cases the motion due to translation is stronger
than that due to rotation and scaling, so the points could be computed sequen-
tially. First, we compute the center of the head and then the neck point. We use
the same minimization criterion for the two cases.

Instead of minimization we use a matching function which is maximized.
This function is defined in the color distance image of head using the head mask
(Figure 4). The mask is defined by the center head point and the neck point, as
in the 2D model. The mask consisted of an ellipse, covering a semi-ellipse. The
semi-ellipse corresponds to the head background and the ellipse corresponds to
the head.

First, we shift the mask in order to find the center of the head. The matching
function is maximized when the head pixels belong to the ellipse (points with
low color distance) and the background head pixels belong to the semi-ellipse
(points with high color distance). This position will give us the center of the
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head. The Iy is the head color distance image. Let Fj be the set of the head
points and By, be the set of head background points according to the head mask.

The function h is defined by the percentage of the head points according to
the mask, which have color distance lower than Theqq. The function b is defined
by the percentage of the background points according to the mask, which have
color distance lower than Theqq. When h or 1 — b becomes low (close to 0) then
the matching is extremely wrong. Otherwise, when k and 1 - b are close to 1 the
matching is satisfactory.

fo="h-(1-b) 4)

By experiments, the best results are achieved when A is high and b is low at
the same time. This is done when function fj is maximized. If we assume that
the head model and background model are independent, then the function fj is
proportional to the possibility of matching both of them.

The neck point is computed following the same procedure. The mask is ro-
tated and scaled in order to maximize the matching function. The point that
maximizes the matching function will be the neck point.

3.5 Main Body Tracking

In this section we examine the method of 6 main body points tracking (the neck
point was computed in the head tracking method). We use relative coordinates
towards to the center of the head because the relative coordinates change slowly.
We use a sequential-iterative algorithm in order to reduce complexity. The al-
gorithm is described in the following. A point p is chosen among the 6 main
body points. The point p is moved in a small region around its position. The
new position of p is the position which maximizes the matching function fp.
The algorithm is completed when the points stop oscillating or the number of
iterations exceeds a prefixed number of iterations.

The mask that we use is shown in Figure 4. The heptagon points correspond
to the main body pixels. The two triangles correspond to the main body back-
ground pixels. The heptagon and the two orthogonal triangles are defined by the
7 points of the main body. The matching function (f) that we use is similar
with the matching function in the head method.

3.6 Leg Tracking

In this section we are going to examine the method for tracking the three leg
points. The algorithm is the same for the left and the right leg. We use a sequen-
tial algorithm because the normal computation would have O(N®) complexity.
The steps of the algorithm are the following. First, the thigh angles are tracked.
Next, shoes and knee angles are tracked. Finally, knee points are tracked.

Thigh Angles Tracking The first step of the method is similar to that of
the previous methods. We search the left and the right thigh angle in a search
space that is defined by the predictions of the angles. We use the masks of
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Fig. 5. The mask of the left thigh angle, the right thigh angle, the left leg, the right
leg and the 3 masks that are used in arm tracking

Figure 5 where the thigh point and knee point are represented as circles. The
Color matching error is minimized when yellow pixels of the mask correspond
to pixels with low left leg Color Distance (left leg) and the red pixels correspond
to pixels with high left leg Color Distance (left leg background).

Shoes and Knee Angles Tracking The second step of the method uses the
visibility information to combine the shoe color information and the second leg
subpart color information. In this section we compute the position of the 2 points
of the shoes and the angle of the knee using the masks of Figure 5. The color
matching error is minimized when the green pixels of the mask correspond to
pixels with low Left leg Color Distance (left leg), the blue pixels of the mask
correspond to pixels with low Left shoe Color Distance (left shoe) and the red
pixels correspond to pixels with high left leg Color Distance (background). First,
we search for the position of the ankle point and the angle in a long area with
high searching step. The next step is to search the above features with a lower
searching step using the previous method results. Finally, we search for the leg
member (the angle and the amplitude of the last leg point), which is changed
slowly. If the minimum matching error is lower than a threshold, this means
that the shoe is hidden. Let f, be the matching function (fs). The I, is the
shoe distance image and the I; is the second subpart of leg color distance image.
Let F; be the set of the leg points and Fs be the set of shoe points and B; be
the set of leg background points, according to the leg mask. Let Iz be the second
subpart of leg.

The function S is defined by the percentage of the shoe points, according
to the mask, which have color distance lower than T,p0es. The function Lo is
defined by the percentage of the leg subpart (left or right) points, according to
the mask, which have color distance lower than T3,. The function B is defined by
the percentage of the background points, according to the mask, which have shoe
color distance lower than Tgp0es and second subpart of leg color distance lower
than 7;,. When B becomes low (close to 0) then the matching is satisfactory.
Otherwise, when B is close to 1, the matching is extremely wrong. Function H
is defined by the linear combination of S and L.

Vshoes -5 + ‘/lg * L2 (5)
Vshoes + ‘/lz

So, H contains the matching information from two models synthesis, while B
contains the matching information from one model (background model). A func-

H =
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Fig. 7. The Java interface and the Java Real Video Viewer

tion fs, similar to fr (Eq. (4)) is maximized, fs = H?- (1 — B). The last step
is the knee points tracking. This step is trivial because the knee angle and the
thigh angle have been estimated.

3.7 Arm Tracking

In this section, we examine the arm tracking algorithm. The method is the same
for left and right arm. We have to compute two points in every arm.

The method will track the arm, if the arm and the main body are not super-
posed. If the arm is hidden, the method will detect that by high matching error.
The algorithm has the following steps. First, the shoulder angle is tracked. Next,
the elbow angle and the shoulder point - elbow point distance are estimated. Fi-
nally, the elbow point - arm member point distance is estimated. Figure 5 shows
the three masks used. The Color matching error is minimized when white pixels
of the masks correspond to pixels with low arm Color Distance (arm) and red
pixels correspond to pixels with high arm Color Distance (arm background).
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4 Experimental Results

The human body members recognition and 18 major human points estimation
methods have been tested in more than 100 noisy silhouettes. The algorithm
succeeded to recognize the human body members in all the images with high
accuracy. The mean error in head, main body major points estimation is about
2% of the total human height, while the arms - legs major points are estimated
with less than 200% of the previous error. In Figure 6, some results of human
silhouette analysis are shown. The method was implemented in C. The complex-
ity of the total algorithm is O(N) (N = # pixels of the human). If we did not
use skeletons we would have a complexity of O(NVN).

The human tracking algorithm has been tested in many video sequences of
walking or running people. The quality and analysis of images that we used as
input varied from CIF format images with low quality (MPEGT1) to high quality
images (MPEG2). The complexity of the algorithm is O(N?) (N = # pixels of
the human). The frame processing rate was about 1 frame per second in Pentium
IIT 800 MHz, using 288 x 320 images. The results include the position of the 18
major human points in every image of the sequence and 2D segmentation into
human parts and subparts using the 2D human model. We examined how the
unstable background, the video quality and the image size can affect the final
result.

In Figure 6, some results for three sequences are shown. In two of these se-
quences, the person walked in an unstable background (the camera was moving).
In the third sequence, where the person was running and the camera was moving
to track him, the arms were not tracked because of their low imaging quality.
The algorithm accurately tracked the human in the above sequences.

The method was implemented in C. Also, a Java based interface has been
developed for our experiments (Figure 7). The user has many options, like load
old tracking results, execute human tracking algorithm, selection of features that
will be plotted, viewing of real sequence images, etc.

5 Discussion

In this paper, we have proposed an effective sequential algorithm for human body
members recognition and 18 major human points estimation using silhouette. If
the estimation of a major point is wrong then the other major points, that
use the false point, will be computed wrong. As the results have shown, this is
impossible to happen because the points, that are computed first, are the more
visible points and its estimation decrease the searching area and the computation
cost of the other points.

Also, we have proposed a fast and effective algorithm for human silhouette
tracking in video sequence. The method needs the position of the 18 major
human points in the first image. The method also detects if any human part is
hidden (arm - body, shoes) by using high matching errors. The head tracking
is always correct, because of the head’s simple shape and motion. The head
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is usually the most visible human part. The main body is more difficult to be
tracked than the head, because, usually, there are more colors in the main body
or the arms may cover it. The most difficult parts to be tracked are the arms
and legs, because of their complex motion. In many frames they are hidden and
their pixels are smoothed because of motion.

The developed method could be expanded to track more than one person. We
can also avoid the initialization step by using background subtraction methods
and independent motion detectors. The above methods give us a bitmap image
of a moving object (silhouette). Using the extraction method of the 18 major
human points from the silhouette we can get the initial position of 18 major
human points. One possible extension of the developed method is 3D tracking
and the extraction of motion parameters using a stereoscopic system. Another
extension can be human-activity recognition (walking, sitting, running, etc).
Security system and statistics analysis of human motion systems could be based
on our method.
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Abstract. Particle filter is a powerful algorithm to deal with non-linear
and non-Gaussian tracking problems. However the algorithm relying only
upon one image cue often fails in challenging scenarios. To overcome this,
the paper first presents a color likelihood to capture color distribution of
the object based on Bhattacharry coefficient, and a structure likelihood
representing high level knowledge regarding the object. Together with
the widely used edge likelihood, the paper further proposes a straight-
forward image cues fusion for object tracking in the framework of particle
filter, under assumption that the visual measurement of each image cue
is independent of each other. The experiments on real image sequences
have shown that the method is effective, robust to illumination changes,
pose variations and complex background.

1 Introduction

Probabilistic object tracking in image sequences has widespread applications in
human-computer interaction, surveillance, visual servoing and biomedical image
analysis. It has therefore been an active research topic in computer vision for
over a decade.

Among probabilistic object tracking algorithms, particle filter has attracted
considerable attention in recent years, because of its powerful ability to deal
with general non-linear and non-Gaussian problems [1, 12]. In the framework of
particle filter, one of the most important parts is the likelihood function (i.e.,
the measurement model). Some researchers are devoted to present different like-
lihoods for effective tracking, including those based on edge [1], or color [2, 3, 4].
Although particle filter has proven successful in dealing with object tracking, vi-
sual measurement dependent only on one image cue is not sufficient, and tracking
failures often occur in complex scenarios [5, 6, 7]. Several factors can result in
this consequence, such as significant illumination changes in the environment,
pose variations of the object and non-linear deformations of shapes, in addition
to noise and dense clutters in complex background.

Some researchers have recently made efforts to try to solve the problem.
Wu et al. [6] present a novel particle filter, as an approximation of a factorized
graphical model, in which shape and color samples are interactively drawn from
each others’ measurements based on importance sampling. The algorithm is
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novel and tested on many real image sequences, but the effects are not so much
satisfying. Pérez et al. [7] combine color information and motion information into
tracker, in addition, they also consider the problem of multi-modality fusion,
such as that of sound and image. While combining multiple information into
particle filter, what one should consider carefully is how to integrate them in
an effective way. Both Wu et al. and Pérez et al. employ methods similar to
importance sampling introduced in [8]. Wu et al. first draw samples from color
information based on importance sampling and evaluate shape probability. After
that they make importance sampling on shape information and evaluate the color
likelihood. Pérez et al. adopt similar method, either first drawing samples from
color cue and then evaluating motion cue, or sampling from motion cue and then
performing evaluation of color cues. This way, different image cues are applied to
the algorithm sequentially, instead of simultaneously. While it may help improve
efficiency, the inaccurateness, or, the most worst of all, failure of one cue, will
heavily affect the others. In general, it is not desirable that evaluation of one cue
will affect that of others.

We present in the paper a multiple cues fusion method in the framework
of particle filter, in which all of the image cues are evaluated simultaneously on
each discrete sample (particle). Three different likelihood functions, representing
respectively three different image cues, are considered in the paper. We assume
that the measurement of each image cue is independent of each other, and they
are integrated to contribute to the overall measurement density. This way, differ-
ent image cues are fused simultaneously and the failure of one image cue will not
affect the evaluation of the other cues. The image cues we are interested in are
edge information, color distribution and/or structural information of a specific
class of objects, e.g., human faces. Note that our method of image cues integra-
tion is similar to that introduced in [9]. There exist, however, great differences
between theirs and ours. In [9], Spengler et. directly extend the approach intro-
duced in [10] from single hypothesis to multiple hypotheses, in which the image
cues are evaluated on the whole image map (so they will have to confine their
algorithm in the small image, say, 90%72, just like in [10]), and then different
cues are weighted and added. In contrast, our image cues are only evaluated on
particles. In addition, the modelling of image cues are also quite different.

The remainder of the paper is structured as follows. Section 2 introduces
the generative model for object tracking, and then presents the three likelihood
functions involved in the algorithm. Section 3 describes the particle filter based
tracking algorithm. Section 4 makes experiments to validate the algorithm. Sec-
tion 5 contains concluding marks.

2 Generative Model for Object Tracking

2.1 Shape Model

Following that described in [11], the contour is parameterized as a B-spline
curve, for a set of B-spline basis is general and flexible in representing different
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(complex) shapes, and in controlling the degree of continuity. Specifically, the
tracked objects are modelled as follows

_[z(s,0)] _ [B(s)" 0 |[Q=(t)

r(s,t) = {y(s,t)] = { 0 B(s)T} [Qy(t)] (1)
where B(s) = [bo(s) -+ by_1]T, for0 < s < 8, bi(s)(0 < & < J—1) is
the ith B-spline basis function, Q® is a column vector whose unit consists of z
coordinates of all the control points and similarly with Q¥ (the time index t is
omitted hereafter for simplicity), and L is the number of spans. The configuration
of the spline is restricted to a shape-space of vectors X defined by

R

where W is a shape matrix whose rank is less than 2J, and Q = [Qz Qy]T is
a template of the object. Below are two kinds of shape spaces used in the paper,
the first for head tracking and the second for person tracking

_[10Q* 10Q*-QY
W‘[mQY} or [01@ QX] ®)

2.2 Dynamical Model

The motion equation of the state in the shape space is modelled as the multi-
dimensional second order auto-regression (AR) process, which generally can be
seen as the discretized form of a continuous stochastic second order dynamic
system [11]. This multi-dimensional AR process may be regarded as the direct
extension of a 1D case. Define

a1 = —exp(—207)
ap = 2 exp(—f7) cos(wr)

2
a1a,
boz\/l—-af—a%—2—o

1—CL1

Define also the damping coefficient 3, the oscillation period w, and the sampling
period of the system 7. Then the 1D AR process has the following form:

Tk = A1%Tk-1 + Q0Tr—2 + bov (4)

where v is one dimensional Gaussian i.i.d. noise. It is desirable, in practice, to
model the translation and the shape variations of the contour separately, so
the 1D AR process is extended respectively to two complementary subspaces
of the shape space: translation subspace and deformation subspace. Then the
multi-dimensional motion model can be represented as below

Xp =A1Xp 1+ AoXk_2+ BoV (5)
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2.3 Observation Model

The observation model p(Yx|Xy) concerns in the paper three kinds of image
cues: edge information of the contour, weighted color histogram and structural
information outputted from boosted detector, which are represented respec-
tively, pe(Yk|Xg), ps(Yi|X4i) and p.(Yx|Xk). Given the predicted target state,
we assume that the observation procedure of the three cues are independent of
one another, so the overall measurement density has the following form

(Y| Xk) = pe(Yil| X )ps (Yi| X )pe (Y| Xk) (6)

In practice, the log-likelihood of Equ. (6) is evaluated, and the multiplications
thus become sum on the right side of the above equation. It can be seen that
if one cue fails, its contribution to the overall measurement density becomes
negligible.

Color Likelihood We define a likelihood to measure the confidence of the color
similarity of a candidate to the target, which is based on the metric introduced
in [13]. In the likelihood function, both target and candidate distribution are rep-
resented by weighted multi-channel color histogram: § = {§,.} with Ef,v;l Gu=1
for target, and p(x) = {P.(x)} with Zﬁ’;l py = 1 for the candidate, where x is
the center of the candidate ellipse, and u = 1, ..., N, denote the bins of the his-
togram. Denote z; i = 1,..., M the pixel locations of one candidate (the ellipse
which best fits the discrete sample), and K(-) the weighting function that has
the following form

) = {011 el < -

0 otherwise

The value of each weighted histogram bin = for the candidate distribution can
be expressed as

_ i KO 12)8(b(z:) —w)
i K(1=521%)

where h is the radius of a candidateregion, b(z;) is a function which associates to
the pixel at location z; the index b(z;) of the histogram, and 4(-) is the Kronecker
delta function. The metric to measure the similarity of the target and candidate
is

Pu(x) (8)

where p(q, p(x)) is the Bhattacharyya coefficient that has the following form
p(8,B(x)) = Ty VBu(X) Vi (10)
Upon this, we define the corresponding likelihood as follows

pc(Ylek) = 22

exp

1
V2mo,



Image Cues Fusion for Object Tracking Based on Particle Filter 103

In practice we get the ellipse that best fits the contour of each particle, on
which the likelihood is evaluated. The target distribution is achieved via a face
detector when for head tracking. Otherwise, it is manually set.

Structure Likelihood The structure likelihood is aimed at representing the
high level knowledge of the object and is achieved via machine learning algo-
rithm. In the paper we are interested in boosted multi-view face detector [14,15].
A total of five different views are considered in the paper: frontal view, left and
half-left profiles, and right and half-right profiles. For efficiency, two levels are
involved: the first level concerns a cascaded face detector trained on all training
examples, which contains non-face examples and face examples in five different
views. The test image region which only pass the first level will continue to try
to pass the second level. Five different cascaded detectors are in the second level
which are responsible for detections of faces which may be in different views.

A cascaded detector implicitly assumes a certain form for the underlying
probability distribution [16]. Define N, the total number of layers in the detec-
tor, and 1, - -- ,n, the layers the detection process passed, in which the output is
above the relevant threshold for the input from the test rectangle corresponding
to the particle. In our implementation, we assume for simplicity that the likeli-
hood of the particle is related to ns/Ns. More precisely, we define the structure
likelihood as

1 1—n, / N
Ps (Y| Xy) \/%0'3 €xXp 20_3

The face detection is performed within the circumscribed rectangle of the

minimal area for each particle. Because of the level and the cascade structure,

the fast computation of features used in the detector, and the search being

constrained in a small image rectangle, the evaluation of the likelihood is efficient.

Furthermore, when the face is not present, most of regions will fail to pass the
first level. This further reduces the computational load.

(12)

Edge Likelihood The model introduced by MacCormick is adopted for the
observation of edges [12]. The measurement as regards edge is made at a finite
number of points along the contours modelled as B-spline curve, and the normals
to the contour at these sample points are searched for features. These normals
have fixed length L and are termed measurement lines. A Canny edge detector
is applied to each measurement line and the points of local maximum adopted
as features. In general, a set of n; features are detected on the measurement
line indexed by { = 1,..., N, . The distances of these features from the contour
constitute a set z(.l), j=1,...,n;. Each feature at distance zj(-l) from the contour
could correspond to the true boundary of the object (in which case it is called
an edge feature) or random visual clutter (in which case it is called a clutter
feature).

We assume that only one edge feature can be detected on the measurement
line. To model the observation density, some further assumptions are made
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The number of clutter features on the measurement lines of length L obeys
a Poisson law with density A.

— The density of the clutter features is uniform on the measurement line.

— The probability that the edge feature is not detected is Fp and the probability
that it is detected is P, =1 — Py.

The distribution of the distance between the edge feature and the true con-

tour location is Gaussian, with zero mean and variance o2.

From these assumptions, we obtain the following equation for the likelihood
of the observation at a sample point, given the state Xj:

1-Pic~ 1 (2)?
p(IXy) o Py + — g T P03 (13)

Assuming that the feature outputs on distinct normal line are statistically inde-
pendent, the overall edge likelihood becomes

N,
pe(YilXi) = [ [ p(1X4) (14)
=1

3 Image Cues Fusion for Contour Tracking
Based on Particle Filter

Target tracking can be characterized as the problem of estimating the state X of
a system at (discrete) time k, as a set of observations Y become available over
time. The Bayesian filtering framework is based on the densities p(Xg|Xk-1)
and p{Yx|Xy). The transition prior p(X|X—_1) indicates that the evolution of
the state is a Markov process, and p(Y[Xx) denotes the observation density
(likelihood function) in the dynamical system, in which the measurements are
conditionally independent of each other given the states. The aim is to estimate
recursively in time the filtering density p(X|Y1.x), where Y., denotes mea-
surements from the beginning to the current time step &, which is described as

follows: (Y Xe)p(Xe]Y )
PUY | Ap)D\AL] X 1:k—1
XilY1k) = 15
p( kl l.k) p(Yk‘lek—l) ( )
where the prediction density p(X|Y1.6—-1) is
P(Xi|Yik-1) = /:D(Xklxk—l):ﬂ(xk—l|Y1:k—1)dxk—1 (16)

Eq. (15) provides an optimal solution of the tracking problem, which, unfor-
tunately, involves high-dimensional integration. In most cases involving non-
Gaussianity and nonlinearity, analytical solutions do not exist, leading to the
use of Monte Carlo methods.
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3.1 Tracking Algorithm Based on Particle Filter

The basic principle of particle filtering (also known as the Sequential Monte
Carlo algorithm) is that the posterior density is approximated by a set of discrete
samples (called particles) with associated weights. For each discrete time step,
particle filtering generally involves three steps for sampling and weighting the
particles, plus one output step. In the sampling step, particles are drawn from
the transition prior. In the weighting step, particle weights are set equal to the
measurement likelihood. The outputs of the filter are the particle states and
weights, used as an approximation to the probability density in state space. In
the last step, particles are re-sampled, to obtain a uniform weight distribution.
The detailed algorithm is presented in Fig. 1.

1. Initialisation _ .
Draw particles from the prior p(XEf)) to obtain a set {(5(3‘}, 1/Ny), i =
Nu} let k=1
2 Samphng step:
For i =1,..., Ny: Sample X( ) from the transition prior Eq. (5).
3. Sampling and updating step

a. Given the particle XSJ, evaluate the color likelihood p. (YHXS)), and the
structure likelihood ps (YHXE:)) and the edge likelihood p.(Y k|X}:)). Set
the weight to the overall measurement density

5P = p(YiXe) = pe(YelXD)ps (Yl X )pe (Yi|XD), i=1,...,Nu

b. Normalize the particle weights:

4. Output step and mode u date
Output a set {(Xk , Wy ), i =1,--+, Ny} of particles that can be used
to approximate the posterior distribution as p(Xi|Y1:x) = ZN 1"”&: 6(Xy —
XS}), and the system mean as the tracking result X, ~ YN« ,(: XE:)

5. Selection (resampling) step
Resample the particles {(X\”, w(")} with probability w.” to obtain N
i.i.d random particles {f{g"), 1/Ny}, approximately distributed according to
P(Xk|Y1:k)

6. k=k+1, go to step 2.

Fig. 1. The tracking algorithm based on particle filter
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Table 1. Summary of parameters used in the paper

Symbol Meaning Value
B Damping coefficient 2.0 and 10.0 *
w Oscillation period 0.0
Py Probability that edge feature is not detected 0.2
O Std variace of edge likelihood V2
Oec Std variance of color likelihood 5
O Std variance of structure likelihood V15
N. Number of measurement lines in edge detection 40 and 70 ®
N. Number of histogram bins 32 x 32 x 32 and

16 x 16 x 16°

N, Number of face detector layers 25

® The damping coefficient of translation shape space is 2.0, while that of
deformation space is 10.0.

® The number of measurement lines is 40 for head tracking, and 70 for
person tracking.

¢ The number of histogram bins is 32 x 32 x 32 for head tracking, and
16 x 16 x 16 for person tracking.

Fig. 2. Some of tracking results using edge information only. The tracking results
are satisfying when strong edge can be observed, but it fails when edge information
becomes weak

4 Experiments

The program is implemented with C++ on a laptop with 2.0GHz mobile Pentium
CPU and 256M Memory. Table 1 summarizes parameters used in the paper.
The standard variances of color and structure likelihoods are set empirically. It
doesn’t need to tune them very carefully: once they are set, they are favorable to
all of our experiments. Unless indicated explicitly, the image sequence for head
tracking is of size 256 x 192, and for person tracking is of size 640 x 240. The
particles whose probability are greater than 0.1 and the mean as the tracking
result, are plotted, with dashed blue color and solid red color respectively.

Fig. 2 demonstrates head tracking exploiting only edge information in a typ-
ical office environment. The tracking results are satisfying when strong edge can
be observed, but it fails when edge information becomes weak.

Particle filtering based tracking dependent merely on color likelihood works
well, even when illumination changes, but not significantly, as show in Fig. 3. But
the algorithm collapses while encountered with significant lighting variations.
Fig. 3 shows the relevant results.
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Fig. 3. Some of tracking results using color information only. Particle filter dependent
merely on color likelihood works well, even when illumination changes, but not signif-
icantly, as show by the first three figures (from left to right, image size: 320 x 240).
But the algorithm collapses while encountered with significant lighting variations, as
shown by the last three images

Fig. 4. Some of tracking results using color information only. The algorithm can
successfully track face which undergoes pose variations and a small in-plane rotation,
but will collapse when the subject turns back

Fig. 4 presents the result with algorithm which relies solely on structure
information. The algorithm can successfully track face which undergoes pose
variations and a small in-plane rotation, but will fail when the subject turns
back.

We test our tracking algorithm fusing multiple image cues on two image
sequences. The first image sequence concerns head tracking, which involves con-
siderable lighting changes, distraction similar to skin color, agile motion of the
object and complex background. Tracking depending only on one image cue
or two image cues simultaneously will fail without exception. The tracking al-
gorithm , running at about 10Hz, can well localize the target throughout the
whole image sequence, making use of the three image cues simultaneously. Some
tracking results are shown in Fig. 5. Note that from frame 29 to 80 there occurs
considerable lighting change, which affects heavily both the color and edge of
the object, as such importance sampling depending either will fail in this case.

Fig. 5. Some of tracking results using three image cues
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The second image sequence, recorded with a wide-len camera, is concerned
with a person walking in front of the shop window [17]. The target appears at one
end and walk to the other end. The following factors existed that make tracking
difficult in this case: the reflections from the ground and from the opposing win-
dow; occlusions from the text on the window; complex non-linear deformation
due to the walking behavior and the wide-len; the similarity of the color be-
tween the subject’s clothes and the background. Tracking would have been more
simple by subtracting the background image from the image sequence since the
camera is fixed. We do not make use of this advantage, in order to test our algo-
rithm in this complex scenario. The tracking results as illustrated in Fig. 6 are
satisfactory, thanks to the algorithm (running at about 9Hz) that fuses of edge
and color information. Notice that in the vicinity of frame 95 the tracker are
heavily disturbed by the clutter in the background, but it succeeds to overcome
it several frames later.

Fig. 6. Some of tracking results using edge and color information

5 Conclusions

In the paper, a tracking algorithm based on particle filter is presented which
integrates multiple image cues in a probabilistic way. We first presents a color
likelihood to capture color distribution of the object based on Bhattacharry
coefficient, and a structure likelihood to represent high level knowledge regarding
the object based on AdaBoost learning. We also consider a widely used edge
likelihood. Then, under the assumption that the measurement processes related
to the above three likelihoods are independent of one another, they are combined
to contribute to an overall observation density. The experiments show that, in
challenging environment, particle filter based tracking algorithms making use
of only one image often fails. With fusion of multiple image cues, the tracker
becomes much more robust to significant lighting changes, pose variations and
complex background. The paper also demonstrates that the high level knowledge
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itself, through a likelihood built upon a boosted multi-view face detector, can be
used for object tracking. It is straightforward to extend this to tracking of other
class of objects, such as pedestrians and cars, which will be our future work.
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Abstract. This paper presents a new approach for 3D human walking modeling
from monocular image sequences. An efficient feature point selection and
tracking approach has been used to compute feature points’ trajectories. Peaks
and valleys of these trajectories are used to detect key frames—frames where
both legs are in contact with the floor. These frames, together with prior
knowledge of body kinematics and a motion model, are the basis for the 3D
reconstruction of human walking. The legs’ configuration at each key frame
contributes to tune the amplitude of the motion model. Differently than
previous approaches, this tuning process is not performed at every frame,
reducing CPU time. In addition, the movement’s frequency is defined by the
elapsed time between two consecutive key frames, which allows handling
walking displacement at different speed. Experimental results with different
video sequences are presented.'

1 Introduction

Walking motion is the most common type of human locomotion. 3D motion models
are required for applications such as: intelligent video surveillance, pedestrian
detection for traffic applications, gait recognition, medical diagnosis and
rehabilitation, human-machine interface [1]. Due to the wide interest it has generated,
3D human motion modeling is one of the most active areas within the computer
vision community.

Vision-based human motion modeling approaches usually combine several
computer vision processing techniques (e.g. video sequence segmentation, object
tracking, motion prediction, 3D object representation, model fitting, etc.). Different
techniques have been proposed to find a model that matches a walking displacement.
These approaches can be broadly classified into monocular or multi camera
approaches.

I This work has been carried out as part of the ATTEST project (Advanced Three-
dimensional TElevision System Technologies, IST-2001-34396). The first author has been
supported by The Ramon'y Cajal Program.

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 111-122, 2004.
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A multicamera system was proposed by [2]. It consists of a stereoscopic technique
able to cope not only with self-occlusions but also with fast movements and poor
quality images. This approach incorporates physical forces to each rigid part of a
kinematics 3D human body model consisting of truncated cones. These forces guide
each 3D model’s part towards a convergence with the body posture in the image. The
model’s projections are compared with the silhouettes extracted from the image by
means of a novel approach, which combines the Maxwell’s demons algorithm with
the classical ICP algorithm. Although stereoscopic systems provide us with more
information for the scanned scenes, 3D human motion systems with only one camera-
view available is the most frequent case.

Motion modeling using monocular image sequences constitutes a complex and
challenging problem. Similarly to approach [2], but in a 2D space and assuming a
segmented video sequence is given as an input, [3] proposes a system that fits a
projected body model with the contour of a segmented image. This boundary
matching technique consists of an error minimization between the pose of the
projected model and the pose of the real body—all in a 2D space. The main
disadvantage of this technique is that it finds the correspondence between the
projected body parts and the silhouette contour, before starting the matching
approach. This means that it looks for the point of the silhouette contour that
corresponds to a given projected body part, assuming that the model posture is not
initialized. This problem is still more difficult to handle in those frames where self-
occlusions appear or edges cannot be properly computed.

Differently than the previous approaches, the aspect ratio of the bounding box of
the moving silhouette has been used in [4]. This approach is able to cope with both
lateral and frontal views. In this case the contour is studied as a whole and body parts
do not need to be detected. The aspect ratio is used to encode the pedestrian’s walking
way. However, although shapes are one of the most important semantic attributes of
an image, problems appear in those cases where the pedestrian wears clothes not so
tight or carries objects such as a suitcase, handbag or backpack. Carried objects
distort the human body silhouette and therefore the aspect ratio of the corresponding
bounding box.

In order to be able to tackle some of the problems mentioned above, some authors
propose simplifying assumptions. In [5] for example, tight-fitting clothes with sleeves
of contrasting colors have been used. Thus, the right arm is depicted with a different
color than the left arm and edge detection is simplified especially in case of self-
occlusions. [6] proposes an approach where the user selects some points on the
image, which mainly correspond to the joints of the human body. Points of interest
are also marked in [7] using infrared diode markers. The authors present a physics-
based framework for 3D shape and non-rigid motion estimation based on the use of a
non-contact 3D motion digitizing system. Unfortunately, when a 2D video sequence
is given, it is not likely to affect its content afterwards in such a way. Therefore, the
usefulness of these approaches is restricted to cases where access in making the
sequence is possible.
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8 = shoulder angle
¥ = elbow angle

B = hip angle

o = knee angle

O - .

Fig. 1. Simplified articulated structure defined by 12 DOFs, arms and legs rotations are
contained in planes parallel to the walking’s direction

Recently, a novel approach based on feature point selection and tracking was
proposed in [8]. This approach is closely related to the technique proposed in this
work. However, a main difference is that in [8] feature points are triangulated
together and similarity between triangles and body parts is studied, while in the
current work, feature point’s trajectories are plotted on the image plane and used to
detect key frames. Robustness in feature point based approaches is considerably
better than in those techniques based on silhouette, since silhouette does not only
depend on walking style or direction but also on other external factors such as those
mentioned above. Walking attitude is easier captured by studying the spatio-temporal
motion of feature points.

In this paper a new approach to cope with the problem of human walking modeling
is presented. The main idea is to search for a particular kinematics configuration
throughout the frames of the given video sequence, and then to use the extracted
information in order to tune a general motion model. Walking displacement involves
the synchronized movements of each body part—the same is valid for any cyclic
human body displacement (e.g., running, jogging). In this work, a set of curves,
obtained from anthropometric studies [9], is used as a coarse walking model. These
curves need to be individually tuned according to the walking attitude of each
pedestrian. This tuning process is based on the observation that although each person
walks with a particular style, there is an instant in which every human body structure
achieves the same configuration. This instant happens when both legs are in contact
with the floor. Then, the open articulated structure becomes a closed structure. This
closed structure is a rich source of information useful to tune most of the motion
model’s parameters. The outline of this work is as follows. The proposed technique is
described in section 2. Experimental results using different video sequences are
presented in section 3. Conclusions and further improvements are given in section 4.
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2 The Proposed Approach

The proposed approach consists of two stages. In the first stage feature points are
selected and tracked throughout the whole video sequence in order to find key frames’
positions. In the second stage a generic motion model is locally tuned by using
kinematics information extracted from the key frames. The main advantage
comparing with previous approaches is that matching between the projection of the
3D model and the body silhouette image features is not performed at every frame
(e.g., hip tuning is performed twice per walking cycle). The algorithm’s stages are
fully described below together with a brief description of the 3D representation used
to model the human body.

2.1 Body Modeling

Similarly to [10], an articulated structure defined by 16 links is used. However, in
order to reduce the complexity, motion model is simplified and consists of 12 DOF.
This simplification assumes that in walking, legs’ and arms’ movements are contained
in parallel planes (see illustration in Fig. 1). In addition, the body orientation is
always orthogonal to the floor. Thus the orientation is described by only one DOF
(this degree of freedom allows us to model trajectories that are not orthogonal to the
camera direction, see Fig. 11). Hence, the final model is defined by two DOF for each
arm and leg and four for the torso (three for the position plus one for the orientation).

The articulated structure is represented by 16 superquadrics (Fig. 2); a complete
mathematical description of this volumetric model can be found in [10].

2.2 Feature Point Selection and Tracking

Feature point selection and tracking approaches were chosen because they allow
capturing the motion’s parameters by using as prior knowledge the kinematics of the
body structure. In addition, point-based approaches seem to be more robust in
comparison with silhouette based approaches. Next, a brief description of the
techniques used is given.

Fig. 2. Illustration of a 22 DOF model built with superquadric
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Fig. 3. (top) Feature points from the first frame of the video sequence used in [13]. (bottom-
left) Feature points’ trajectories. (bottom-right) Feature points’ trajectories after removing static
points

Feature Point Selection. In this work, the feature points are used to capture human
body movements and are selected by using a corner detector algorithm. Let /(x,y) be
the first frame of a given video sequence. Then, a pixel (x,y) is a corner feature if at
all pixels in a window Wjs around (x,y) the smallest singular value of G is bigger than
a predefined o; in the current implementation Ws was set to 5x5 and ¢ = 0.05. G is

defined as:
G = ZIf ZI,Iy
ZI,Iy Zlﬁ

and (I, 1)) are the gradients obtained by convolving the image / with the derivatives
of a pair of Gaussian filters. More details about corner detection can be found in [11].
Assuming that at the beginning there is no information about the pedestrian’s position
in the given frame, and in order to enforce a homogeneous feature sampling, input
frames are partitioned into 4 regular tiles (2x2 regions of 240x360 pixels each in the
illustration presented in Fig. 3).
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Fig. 4. (top) A single feature point’s trajectory. (middle and bottom) Key frames associated
with the valleys of a feature point’s trajectory

Feature Point Tracking. After selecting a set of feature points and setting a tracking
window Wr (3x3 in the current implementation) an iterative feature tracking
algorithm has been used [11]. Assuming a small interframe motion, feature points are
tracked by minimizing the sum of squared differences between two consecutive
frames.

Points, lying on the head or shoulders, are the best candidates to satisfy the
aforementioned assumption. Most of the other points (e.g. points over the legs, arms
or hands, are missed after a couple of frames). Fig. 3(fop) illustrates feature points
detected in the first frame of the video sequence used in [13]. Fig. 3(bottom-left)
depicts the trajectories of the feature points when all frames are considered. On the
contrary, Fig. 3(bottom-right) shows the trajectories after removing static points. In
the current implementation we only use one feature point’s trajectory. Further
improvements could be to merge feature points’ trajectories in order to generate a
more robust approach.

2.3 Motion Model Tuning

The outcome of the previous stage is the trajectory of a feature point (Fig. 4(fop))
consisting of peaks and valleys. Firstly, the first-order derivative of the curve is
computed to find peaks’ and valleys’ positions by seeking the positive-to-negative
zero-crossing points. Peaks correspond to those frames where the pedestrian reaches
the maximum height, which happens in that moment of the half walking cycle when
the hip angles are minimum. On the contrary, the valleys correspond to those frames
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where the two legs are in contact with the floor and then, the hip angles are
maximum. So, the valleys are used to find key frames, while the peaks are used for
footprint detection. The frames corresponding to each valley of Fig. 4(top) are
presented in Fig. 4(middle) and (bottom). An interesting point of the proposed
approach is that in this video sequence, in spite of the fact that the pedestrian is
carrying a folder, key frames are correctly detected; as a result, legs and torso
correspondence are easily computed. On the contrary, an approach based on shape,
such as [3], will face difficulties, since it will try to minimize the matching error
based on the whole shape (including folder).

After detecting key frames corresponding to the valleys of a trajectory, it is
necessary to define also the footprints of the pedestrian throughout the sequence. In
order to achieve this, body silhouettes were computed by an image segmentation
algorithm [12]. Additionally, other segmented video sequences were provided by
[14]. Footprint positions are computed as follow.

Throughout a walking displacement sequence, there is always, at least, one foot in
contact with the ground, with null velocity (pivot foot). In addition, there is one
instant per walking cycle in which both feet are in contact with the floor (both with
null velocity). The foot that is in contact with the floor can be easily detected by

extracting its defining static points. A point is considered as a static point spt(F,., ;5 In

frame F, if it remains as a boundary point bp(f’ ; (silhouette point, Fig. 5(left)) in at

least three consecutive frames—value computed experimentally
Sty = (P, 352 BP ) -

The result of the previous stage is a set of static points distributed along the
pedestrian’s path. Now, the problem is to cluster those points belonging to the same
foot. Static points defining a single footprint are easily clustered by studying the
peaks’ positions in the feature point’s trajectory. All those static points in a
neighborhood of F+3 from the frame corresponding to a peak position (F) will be
clustered together and will define the same footprint (fp;). Fig. 5(right) shows the
footprints detected after processing the video sequence of Fig. 4.

Footprints

-

il i Wabking Direction
Ak W oW
PEp

Fig. 5. (left) Five consecutive frames used to detect static points. (right) Footprints computed
after clustering static points generated by the same foot (picks in a feature point’s trajectory

(Fig. 4(0p))
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Fig. 7. Half walking cycle executed by using scale factors ( Kj, K, ) over the hip motion curve

presented in Fig. 6 (knee motion curve is not tuned at this stage). Spatial positions of points (D,
H, C and B) are computed by using angles from the motion curves and trigonometric
relationships

As it was introduced above, key frames are defined as those frames where both
feet are in contact with the floor. At every key frame, the articulated human body
structure reaches a posture with maximum hip angles. In the current implementation,
hip angles are defined by the legs and the vertical axis containing the hip joints. This
maximum value, together with the maximum value of the hip motion model (Fig. 6)
are used to compute a scale factor x . This factor is utilized to adjust the hip motion
model to the current pedestrian’s walking. Actually, it is used for half the walking
cycle, which does not start from the current key frame but from a quarter of the
walking cycle before the current key frame until halfway to the next one. The
maximum hip angle in the next key frame is used to update this scale factor.

This local tuning, within a half walking cycle, is illustrated with the 2D articulated
structure shown in Fig. 7, from Posture 1 to Posture 3. A 2D articulated structure was
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chosen in order to make the understanding easier, however the tuning process is
carried out in a 3D space, estimated by using an average pedestrian’s height. The two
footprints of the first key frame are represented by the points A and B, while the
footprints of the next key frame are the corresponding points A” and B”. During this
half walking cycle one foot is always in contact with the floor (so points A = A’=A”),
while the other leg is moving from point B to point B”. In halfway to B, the moving
leg crosses the other one (null hip angle values). Points C, C’, C”” and D, D’, D”
represent the left and right knee, while the points H, H’, H” represent the hip joints.
Given the first key frame, the scale factor x; is computed and used to perform the

motion ( ,B,.](,)) through the first quarter of the walking cycle. The second key frame

(A”, B”) is used to compute the scale factor x, . At each iteration of this half walking

cycle, the spatial positions of the points B, C, D and H are calculated using the
position of point A, which remains static, the hip angles of Fig. 6 scaled by the
corresponding factor k; is and the knee angles of Fig. 6. The number of frames in

between the two key frames defines the sampling rate of the motion curves presented
on Fig. 6. This allows handling variations in the walking speed.
As aforementioned, the computed factors x; are used to scale the hip angles. The

difference in walking between people implies that all the motion curves should be
modified by using an appropriate scale factor for each one. In order to estimate
these factors an error measurement (registration quality index: RQI) is introduced.
The proposed RQI measures the quality of the matching between the projected
3D model and the corresponding human silhouette. It is defined as:
RQI = overlappedArea/totalArea, where total area consists of the surface of the
projected 3D model plus the surface of the walking human Fig. less the overlapped
area, while the overlapped area is defined by the overlap of these two surfaces.
Firstly, the algorithm computes the knee scale factor that maximizes the RQI values.
In every iteration, an average RQI is computed for all the sequence. In order to speed
up the process the number of frames was subsampled. Afterwards, the elbow and
shoulder scale factors are estimated similarly. They are computed simultaneously
using an efficient search method.

Fig. 8. (top) Three different frames of the video sequence used in [13]. (bottom) The
corresponding 3D walking models
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Fig. 9. Input frames of two video sequences (240x320 each)

Fig. 10. 3D models corresponding to the frames presented in Fig. 9 (fop) and (bottom)
respectively

3 Experimental Results

The proposed technique has been tested with video sequences used in [13] and [14],
together with our own video sequences. In spite that the current approach has been
developed to handle sequences with a pedestrian walking over a planar surface, in a
plane orthogonal to the camera direction, the technique has been also tested with an
oblique walking direction (see Fig. 11) showing encouraging results. The video
sequence used as an illustration throughout this work consists of 85 frames of
480x720 pixels each, which have been segmented using the technique presented in
[15]. Some of the computed 3D walking models are presented in Fig. 8(bottom),
while the original frames together with the projected boundaries are presented in Fig.
8(top).

Fig. 9(top) presents frames of a video sequence defined by 103 frames (240x320
pixels each), while Fig. 9(bottom) correspond to a video sequence defined by 70
frames (240x320 pixels each). Although the speed and walking style is considerably
different, the proposed technique can handle both situations. The corresponding 3D
models are presented in Fig. 10 (fop) and (bottom) respectively.
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Fig. 11. (top-left) Feature points of the first frame. (fop-right) Feature points’ trajectories.
(bottom) Some frames illustrating the final result (segmented input has been provided by [14])

Finally, the proposed algorithm was also tested on a video sequence, consisting of
70 frames of 240x320 pixels each, containing a diagonal walking displacement
(Fig. 11). The segmented input frames have been provided by the authors of [14].
Although the trajectory was not on a plane orthogonal to the camera direction, feature
point information was enough to capture the pedestrian attitude.

4 Conclusions and Future Work

A new approach towards human motion modeling and recovery has been presented. It
exploits prior knowledge regarding a person’s movement as well as human body
kinematics constraints. At this paper only walking has been modeled. Although
constraints about walking direction and planar surfaces have been imposed, we
expect to find results similar to the ones presented in [17] (frontal and oblique
walking direction).

The extension of the proposed technique to model other kinds of human body
cyclic movements (such as running or going up/down stairs) will be studied by using
the same technique (point features detection merged with the corresponding motion
model). In addition, the use of a similar approach to model the displacement of other
articulated bodies (animals in general [16]) will be studied. Animal motion modeling
(i.e. cyclic movement) can be understood as an open articulated structure, however,
when more than one extremity is in contact with the floor, that structure becomes a
closed kinematics chain with a reduced set of DOFs. Therefore, a motion model could
be computed by exploiting these particular features.

Further work will also include the tuning of not only motion model’s parameters
but also geometric model’s parameters in order to find a better fitting. In this way,
external objects attached to the body (like a handbag or backpack) could be added to
the body and considered as a part of it.
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Abstract. In many product areas, a growing trend can be observed towards
variant design, i.e. the development of customized designs based on variations
of mature product models. We have developed a Virtual-Reality (VR) system
for variant design that supports the real-time scaling and subsequent simulated
assembly of hierarchical, CSG-like parts. An XML-based format, VPML,
serves as description for the scalable CSG parts. VPML part descriptions
determine how the scaling behavior of the whole part affects the scaling of its
subparts, constrain the translation and rotation of subparts w.r.t. their parent
parts, and define the scalable parts’ dynamic mating properties. The part
descriptions are utilized by several submodules of the overall VR system
including: a) algorithms for real-time CSG visualization, b), the updating of part
geometry using the ACIS CAD kernel, and c), the assembly simulation engine.
The VR system runs in a CAVE-like large screen installation and enables
interactive variant design using gesture and speech interactions.

1 Introduction

Visions of future CAD/CAM systems include the application of Virtual Reality (VR)
techniques for real-time interactive design, variation, assembly, and evaluation of
three dimensional product models (“virtual prototypes”) [1], [11], [5]. The central
idea is to combine unique features of VR such as intuitive human-computer
interaction based on gesture and speech with realistic graphical simulations to result
in new, real-time capable tools supporting the early phases of the product
development process. The increased utilization of virtual prototypes instead of
physical ones holds the promise of shortened development cycles, increased product
quality, and, not least, reduced cost: “80% of development costs and 70% of life cycle
costs of a product are determined during its conceptual phase” [9].

Another trend in CAD/CAM concerns the movement towards the development of
customized designs based on variations of mature product models, usually referred to
as variant design [4] [10]. A prominent example, numerous others being listed e.g. in
[4], is the automotive industry where a wide variety of product models is derived from
a relatively small number of product platforms (e.g. shared platforms of
Volkswagen/Skoda/Seat, Chrysler/Mitsubishi, Ford/Mazda). One of our goals in the
project “Virtuelle Werkstatt” is to extend previous research results in VR-based
virtual prototyping — mainly centered on assembly simulation involving non-

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 123-133, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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deformable parts from standardized construction kits using gesture and speech [2] [6]
—to develop a VR platform for interactive variant design.

Fig. 1. Variant design of a “Citymobile” vehicle in a CAVE-like VR installation

Of particular interest are changes in the size of the variant parts by means of
special scaling operations that are capable of preserving the shape of certain sub-
elements of a part. E.g., the scaling of a plate with several holes should preserve the
roundness of the holes, no matter in which dimension the plate is scaled (see Figure
2). Fundamental to our solution to this scaling problem is the definition of a
hierarchical, CSG-like part model. For example the plate from figure 2 would be
modeled as a box-like object from which three cylindrical shapes are subtracted. The
part model also defines and constrains the scaling behavior of the part and its sub-
shapes.

The rest of this paper is organized as follows: The next section introduces VPML,
an XML-based language for hierarchically structured and scalable variant parts.
Section 3 shows how various sub-modules of a prototypical VR system for variant
design utilize the information contained in VPML models. Section 4 presents an
extended example of variant design in the context of “Citymobile” vehicles
(motorized one-seated carts typically used by the elderly or walking impaired).
Finally we conclude and address future work.

Fig. 2. A plate is scaled in different dimensions. The size of the holes remains unchanged
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2 VPML - A Markup Language for Describing Variant Parts

VPML (“Variant Part Markup Language”) is an XML-based markup language for
describing hierarchical, CSG-like parts, their scaling behavior and dynamic mating
properties. Fig. 3 gives an overview of the mostly used tags in VPML and their
attributes. The tags are explained below.

Tag Sub Tags Attributes
Part SubPart, Geometry, ProxyGeometry, name
Parametric, Port, SemanticInformation
SubPart SubPart, Geometry, ProxyGeometry, name, translation,
Parametric, Port, ScaleModes, Semantic-  |rotation, scaling,
Information scale reference
Geometry File, Cylinder, Box, Sphere, ... translation, rotation,
scaling, csg
ScaleModes ParentScaling fixpoint
ParentScaling - axes, mode
Parametric Rotation, Translation, Scaling -
Rotation - name, min, max, init,

axis, center, connect,
transmission, offset
Translation - name, min, max, init,
direction, connect,
transmission, offset
Scaling - name, min, max, init,
axes, connect,
transmission, offset
Port Capacity, PortGeometry, Hotspot, name, type, translation,
Connectability orientation
SemanticInformation|SuperClass, Color, Lingustic -

Fig. 3. A choice of the tags used in VPML

2.1 Describing Part Hierarchy

XML documents are a means to describe tree structures. In VPML - an XML dialect -
the document’s tree structure corresponds to the CSG-tree defining the variant parts:
The <Part > element denotes the whole part (the root of the XML-tree), recursively
nested <Subpart > elements are used to describe the part hierarchy. Each part or
subpart can have an associated <Geonet ry> which may either be primitive, e.g.
box, sphere, etc, or link to an external Inventor file. The cSg attribute specifies
whether a geometry is positive or negative, e.g. holes can be represented as cylinders
with a negative cSQ attribute. Subparts include further attributes specifying their
position, orientation and initial scaling w.r.t. their parent part.

2.2 Describing Scaling Behavior

If a part were scaled in one direction only by simply using a scaling matrix in a scene
graph the subparts would be deformed the same way the part itself is scaled.
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However, ife.g. holes in the scaled part should remain their size and roundness then a
different scaling behavior has to be defined.

Therefore each subpart can define their scaling behavior in relation to its parents.
For each of the three possible scaling axes, a specific <Par ent Scal i ng> behavior
can be defined:

e Nbone: Keep the scaling for the subpart for that axis no matter of the
scaling of the parent.
e Parent: Use the same scaling as the parent — This is the normal

behavior for objects which are hierarchically ordered in a
scene graph. It is therefore defined as default.

e Reference: Use the same scaling as one of the parents which was specially
marked as a reference part.

If the scaling behavior is set to “None” the local transformation of the subpart will
be set to the inverse scaling of the accumulated scaling of the parents. A fix-point can
be set where the subpart is fixated when the parent is scaled.

The last scaling behavior “Ref er ence” allows the definition of combined scaling
of two or more parts, which are at different positions in the scene graph. If the direct
parents of these objects should not be scaled, the “local” scale mode is not useable. In
this case the scaling parameter is attached to a common parent node of the graph and
it is marked as the reference node for these sub-nodes. Their scaling will be adapted
to the scaling of the reference part, independent of their direct parents.

Parametric changeable scaling factors can be defined for the whole variant part and
for each subpart. These scaling factors might combine two or three axes which can
only be altered together.

2.3 Describing Parametric Translation, Rotation and Scaling of Subparts

Subparts of the variant part, which should be modifiable in the Virtual Environment,
can be tagged with a special <Par anet er >- Tag. With this tag it is possible to
describe parametric scaling as described in the paragraph above, but it is also possible
to define rotational and translational changes.

Each transformation described by a Parameter-Tag, results in a single floating
point value for adjusting the part. In the case of parametric scaling, it will result in a
parameter for scaling a single axis - respectively two or three axes combined to
remain the proportion of these axes while scaling. The parametric rotation is defined
by the rotation axis and center, while the resulting value will affect the angle of the
rotation. The translation is defined by a normalized vector, which defines the
direction in which the part is translated by the value of the parameter.

In the application the value of each Parameter-Tag can be queried and set in real-
time and two parameters can be coupled with a fixed factor to realize constrained
movements of subparts (see the Example in Fig. 11).
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2.4 Describing Mating Properties

To enable interactive assembly simulations in VR, VPML models are further
equipped with a means to describe the variant parts’ mating properties. This is
achieved by linking the VPML models to a knowledge-based framework for task-
level assembly modeling [6] [7]. This framework utilizes a knowledge-based model
of connection-sensitive part surfaces or ports, e.g. the shaft of a screw or the inside
thread of a nut, and constraints imposed by different kinds of connections, e.g.
screwed, inserted, or welded. Taxonomies with predefined port and connections
concepts capture the most common mating properties of CAD-based parts. In VPML,
a special <Por t > tag can be used to attach port information to a part or subpart. The
required port information concerns e.g. the type, position, orientation, size (capacity).
More detailed information like port geometry may also be provided. The port
information is used for assembly and disassembly of parts, e.g. by snap-to-fit
enhanced direct manipulation using data-gloves or by spoken natural language
instructions. Adjustment operators enable the relative repositioning of connected parts
along the degrees of freedom induced by the specific type of connection; e.g. a screw
could be only halfway inserted into a nut at same stage of the simulation and become
fully fixated later. For further details of the modeling of ports see [7].

2.5 Other Information

For each subpart, additional information for the application can be provided. E.g.
color and material information can be specified to modify the shading ofthe subparts.
A further tag, <Semanticlnformation> concerns type information, which can
be used to link the part model to an externally defined taxonomy of part concepts as
well as linguistic information. The conceptual and linguistic information is e.g.
exploited in the processing of natural language commands to the virtual environment.

3 Utilizing VPML Models in Immersive VR

We have developed an operational immersive VR system for variant design that
enables an interactive, non-uniform scaling and assembly of CSG-based variant parts
using gesture and speech interactions. This section describes how VPML models of
variant parts are used by the various sub-modules of the CAVE-based VR system. In
particular, VPML supports two complementary methods concerned with the non-
uniform scaling of VPML parts: A real-time, image-based CSG which is used during
interactive part modifications; and a CAD-based CSG that is used for the generation
of exact polygonal part models after the interaction is completed.

3.1 Image-Based CSG for Real-Time Visualization

VR systems for interactive variant design should provide real-time visual feedback
during all manipulations of the variant parts, including scaling operations. Since a
step-keeping computation of polygonal object models during scaling operations is not
possible, a real-time, image-based CSG visualization was developed, which builds
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upon the Goldfeather-Algorithm [3]. This algorithm produces the visual effect of
CSG operations, without generating the polygonal model itself, by using the OpenGL
[12] stencil buffer to mask out the parts of the CSG primitives, which are not visible.

The Goldfeather algorithm was adapted to be compatible with the scene graph
structure and the limited instruction set of the distributed OpenGL available in the
PC-cluster serving our CAVE-like Virtual Environment. In contrast to the original
algorithm which needs to save and restore the depth-buffer often and thus is not
suitable for the distributed rendering architecture, our adaptation is mainly based on
frame-buffer operations but also uses a compressed Stencil-Buffer. With the graphic
hardware available today, this algorithm, which uses multi-pass rendering techniques,
is fast enough to meet the requirements for real-time interaction with the modifiable
parts.

3.2 Generating Polygonal Models

While the image-based CSG is well-suited for real-time visualization of the parts’
scaling behavior - synchronized e.g. with user gestures in the VR environment - it
does not produce any polygonal models. Polygonal models are needed, however, for
different simulations of part behavior such as assembly and collision handling.
Furthermore, the computational complexity of the multi-pass rendering involved in
image-based CSG can be reduced when polygonal models of the scaled parts are
available. Therefore, upon the completion of a user interaction in the VR
environment, a polygonal model of the scaled part is generated.

The ACIS CAD kernel is used for the computation of the polygonal models. In the
polygonal CSG subsystem, VPML models are represented as trees of ACIS bodies
where each body, among other information, has a transformation matrix associated
with it. When the new scaling factors of a part or subpart are transmitted to the
polygonal CSG system, the transformation matrix of that part or subpart is updated
according to the new scaling factors and the scale modes defined in the VPML model.
This process is recursively repeated for the part’s children parts. Then, set operations
(union and subtract) are applied in a bottom-up fashion, starting at the leaves up to the
root of the part tree, as governed by the subparts’ CSG attributes (i.e. positive or
negative geometry). Finally, the whole part is triangulated and an Inventor model is
generated for inclusion in the VR scene graph. The appearance of the Inventor models
also accounts for the colors defined in the VPML part definitions. Depending on part
complexity, the construction of the polygonal model takes on the order of several
tenths of a second to some ten seconds time. The updated polygonal part model is
loaded into the VR scene graph in an asynchronous fashion such that a possibly on-
going user interaction is not disrupted.

3.3 Assembly Simulation with Variant Parts

Our VR system for variant design contains an assembly simulation component which
accomplishes part matings based on port descriptions as described in Section 2.4. The
assembly simulation component extends previous work [6] to operate also with
scalable variant parts.
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In general, scaling operations may affect the size (capacity) but also the position of
ports w.r.t. the complete part; e.g. the scaling operations in Figure 2 affect the position
of the two outer holes (although in this case, the size of the holes is not changed). To
support further parametric rotation and translation operations, capacity, position, and
orientation of ports need to be updated after such user interactions in VR.

The assembly simulation maintains a hierarchically structured part representation
which mirrors the part hierarchy in the VPML file. Ports can be associated with parts
or subparts at any level of this hierarchy. When a scaling operation in VR is
completed, the part-subpart transformations are updated according to the new scale
factors and part scale modes defined in the VPML model in the same way as the
polygonal CSG component (Sec. 3.2). The core algorithms for the assembly
simulation expect the port positions, orientations, and capacities directly w.r.t. the
root part. These data can be directly computed from the hierarchical model as the
combined transformation from the root part to the port. The updates of the port
representation ensure, e.g. that the wheel of the Citymobile is attached to a scaled axle
at the correct position or that a prolonged screw can be used for attachment of thicker
parts.

3.4 VPML for Interpretation of Natural Language Instructions

To facilitate the interpretation of natural language instructions to the virtual
environment, the semantic information contained in VPML models is translated into
the semantic network type knowledge representations described in [13] [8]. E.g., in
sentences like “attach the green wheel to the body” or “make that round thing
bigger” the semantic information associated with the parts enables the matching of
attributions like “green” or “round” with the properties of the virtual objects or to
find all objects of type WHEEL in the scene. Additional gestures, e.g. pointing, also
contribute to the resolution of references during the interpretation of user interactions.

4 Extended Example: The Citymobile Seat

The Citymobile Seat can be adjusted by seven parameters: Five concern the scaling of
subparts and two the rotational adjustment of subparts. Some of the parameters - like
the length and the width of the seat - relate to variations while designing the seat
before the manufacturing, others simulate changeable parts, which can be modified
when the seat is in use. A port is placed on the lower end of the seat. At this port, the
seat can be connected to the chassis of the Citymobile, as shown in Figure 1.

Fig. 5 - Fig. 9 show the effect when the five scaling parameters of the seat are
modified. Fig. 10 shows a rotational parameter which simulates the possibility to
move away the arm rests for easier access to the seat. Each modification in Figures 5—
11 is based on one scaling or rotational parameter. The resulting scaling-operations of
the subparts are marked with double pointed arrows. The movements which result
from the hierarchical structure of the building part and the corresponding scale-modes
in the VPML-file of the seat are shown by single arrows. E.g. the scaling of the whole
seat in the X-direction, see Fig. 8, results in scaling the lower seat and the back-rest,
while the arm-rests are only moving outward.
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Fig. 4. The default Citymobile-Seat Fig. 5. The seat lengthened

Fig. 6. Arm rests adjusted in height Fig. 7. The whole seat adjusted in height

Fig. 8. The broadened seat Fig. 9. Height adjustment of the backrest
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Fig. 10. The seat with arm rests rotated 45  Fig. 11. Combined rotations for adjusting the
Degrees for easier access backrest

In Fig. 11 the effect of two coupled rotational parameters are displayed. While the
lower part of the backrest is rotated clockwise the backrest itself is rotated counter
clockwise to keep it in an upright position.

The following part of a VPML-Description (see Fig. 12) shows the definition of

two subparts which form the backrest of the seat with the tags for the combined
rotational parameters.

<Part name="citymobile_seat”>
<SubPart name="backrest_holder”>
<Parametric>
<Scaling name="adjust_height”
min="0.8" max="2.0” axis="Y"/>
<Rotation name="backrest hldr_rotate”
min="-20" max="20"
center="0 0 -0.3"/>
</Parametric>
<SubPart name="backrest”>

<ScaleModes fixpoint="0 0.4 -0.3">
<ParentScaling axis="Y” mode="none” />

<ScaleModes/>
<Parametric>
<Rotation name="backrest_rotate”
center="0 0.4 -0.3"
combine="backrest_hldr_rotate”
transmission="-1"/>
</Parametric>
</SubPart>
</SubPart>

</Par€>
Fig. 12. Fragment of the VPML-Description for the backrest part of the seat
The conbi ne-Attribute of the second <Rot at i on> Tag establishes the coupling

between the parameters and the transm ssi on-Attribute is set to -1 in order to
achieve the inverse rotation of the backrest in relation to the holder.
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The fragment of the VPML-Description also shows the description of the scaling
of the backrest holder (as shown in Fig. 9). This scaling parameter scales the backrest
holder in Y-direction, while the backrest itself doesn’t scale with the holder, since the
scale mode for this axis is set to “none”. The fixpoint between the two subparts is set
to the upper end of the backrest holder, which causes the movement of the backrest to
remain connected to this point, during a scaling operation.

5 Conclusions

We have presented VPML, a markup language for describing interactively modifiable
variant parts. VPML allows the description of hierarchically structured, CSG-like part
models, their scaling behavior, and their mating properties. We use VPML models in
an operational CAVE-based VR system for variant design that enables the real-time
scaling and assembly of variant parts based on natural language and gestural user
interactions.

VPML models contain information that is exploited for several purposes in the VR
system including image-based CSG for real-time visualization, dynamic generation of
polygonal models, assembly simulation, and natural language processing. The
different subsystems require different (yet overlapping) subsets of the information
contained in VPML models. Standard XML tools like XSL transformations and SAX
parsing facilitate the translation of VPML models into specialized representations
required by the various subsystems.

Current work focuses on simulating gears and kinematic chains using combined
parametric rotations and translations. Together with the possibility to constraint the
movements of connected parts, according to their type of connection, it is possible to
build a mechanism consisting of multiple variable parts and gears. In this mechanism
the movements of the components are propagated to the connected parts by the
movement of the gears, which are defined in VPML.

In combination with collision-detection methods it is further possible to test the
movements of the mechanism for sufficient clearance for each component of
interactively designed assemblies. For example it will be possible after the assembly
of the steering system of the Citymobile, to test the steering by turning the steering
wheel in the virtual scene and analyze e.g. how this affects the front wheels of the
vehicle.
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Abstract. In this work, a system that enables accurate location of con-
tours within outdoors—taken digital images is presented. This system is
based on the optimization of an objective function involving a selective
edge detector and a distance map extractor, applied sequentially to the
original image. In order to guarantee a certain probability of success,
the repeated execution of GA is applied. The performance of the system
is tested against a database of 138 images of cows in lateral position,
obtaining a rate of successes up to 92 % in the best of the cases.

1 Introduction

Morphological assessment of bovine livestock is one of the most important pa-
rameters to be stored in the herd-books of pure breeds. This assessment process
consist in scoring a series of concrete characteristics [1, 2] which have to do
mainly with their morphology and the similarities with the standard description
of the breed. As the morphological assessment is normally carried out by vi-
sual inspection [1], highly-qualified and experienced staff is required. Therefore,
several methods has been recently proposed to build an automatic assessment
system, all of them starting from some digital images of the animal [2, 3]. In our
first approach, described in [3], the morphological assessment is based on the pro-
files of the animals in three different positions: lateral, frontal and rear. Hence,
the first task to be done in that system is the parametrization and extraction of
the animal boundaries.

Many different techniques has been described to extract boundaries in digital
images [4, 5], from which stand out those based on template or model matching
using energy minimization methods (deformable models [6]) or genetic algo-
rithms (GAs) [7, 8, 5]. In fact, we successfully applied GAs to approximately
search the boundary of the animals in a previous work [9], using a method sim-
ilar to the approach designed by Hill et al. [10, 8]. However, with this method
it is not possible to guarantee the success of the search in all the cases, what is
very important for this technique to be used in practical applications.

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 134-145, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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In this work, as well as improving our system to extract contours with GAs,
the method recently proposed by Yuen et al. [11] is applied, in order to guar-
antee a given probability of success by repeatedly applying a GA over the con-
crete problem (repeated GA). After obtaining the most suitable configuration
for the GA in our problem, the number of executions needed to achieve a con-
crete probability of success is calculated. That calculus is based on the suc-
cesses and failures obtained applying the single GA over a concrete training set,
representative of the problem. The results obtained with this method notably
improve those from previous works, nearly reaching the expected success rate.
Though the repeated GA technique was applied in the three mentioned posi-
tions, we will focus only in lateral images. Further results can be consulted in
http://nernet. unex. es/ cows.

With this work outline, in section 2 the technique used to search the contours
within the images is described in detail (shape modelling, objective function,
etc.). Later on in section 3 the repeated GA methodology is presented, and the
number of executions needed to guarantee a concrete probability of success is
calculated. The results obtained applying the repeated GA to our database of
images can be found in section 4, whereas conclusions and possible improvements
of our work will be presented, finally, in section 5.

2 System Description

The contour extraction problem can be converted into an optimization problem
considering two steps: the parametrization of the shape we want to search and
the definition of a cost function that quantitatively determines whether or not
a contour is adjusted to the object. The general outline of the system used is
shown in figure 1. As illustrated, for the contour modelling and parametrization
the point distribution models (PDMs) technique [6] has been applied, which let
us restrict all the parameters and precisely define the search space. On the other
hand, the objective function proposed is designed to place the contour over areas
of the image where edges corresponding to the object are detected.

MODEL BUILDING

Contour Search space
modelling (PDM) definition

A 4
Potential image J Objectwe_f_unctlon_ 'l GENETIC SEARCH |
extraction definition

TRAINING SET

Approximated contour

Fig. 1. General outline of the contour location system using genetic algorithms
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(b)

Fig. 2. Figure (a) illustrates the images dealt with. Figure (b) shows the model of the
cow contour in lateral position

2.1 Shape Modelling and Search Space

As shown in figure 1, the first step consists in appropriately representing the
desired shape we want to search along with its possible variations. In some
previous works [7, 9] a general method known as PDM has been used, which
consist of deformable models representing the contours by means of ordered
groups of points (figure 2) located at specific positions of the object, that are
constructed statistically, based on a set of examples. As a result of the process,
the average shape of our object is obtained, and each contour can be represented
mathematically by a vector « such as

r=x,+P-b (1)

where x,, is the average shape, P is the matrix of eigenvectors of the covariance
matrix and b a vector containing the weights for each eigenvector, and which
properly defines the contour in our description. Fortunately, considering only few
eigenvectors corresponding to the largest eigenvalues of the covariance matrix
(modes of variation, using the terminology in [6]), practically all the variations
taking place in the training set could be described.

This representation (model) of the contour is, however, in the normalized
space. To project instances of this model to the space of our image a transfor-
mation that preserves the shape is required (translation ¢ = (¢,t,), rotation 6
and scaling s). Thus, every permitted contour in the image can be represented
by a reduced set {s,0,t,b} of parameters.

In order to have the search space precisely defined, the limits for this pa-
rameters are required. As stated in [6], to maintain a shape similar to those in
the training set, b; parameters must be restricted to values —v; < b; < Vg,
where \; are the eigenvalues of the covariance matrix. The transformation pa-
rameters can be limited considering that we approximately know the position of
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the object within the image: normally the animal is in horizontal position (angle
restriction), not arbitrarily small (restriction in scale) and more or less centered
(restriction in t).

In our specific case (lateral position), the cow contour is described using a set
of 126 points (figure 2), 35 of which are significative. The model was constructed
using a training set of 45 photographs, previously selected from our database
of 138 images, trying to cover the variations in position as much as possible.
For those 45 photographs the contours of the animals were extracted manually,
placing the points of figure 2 by hand. Once the calculations were made, 20
modes of variation were enough to represent virtually every possible variation.

2.2 Objective Function and Potential Image Extraction

Once the shape is parameterized, the main step of this method is the definition
of the objective function. In many consulted works [10, 7] this function is built so
that it reaches a minimum when strong edges of similar magnitude are located
near the points of a certain instance of the model in the image. In our case, we
use a similar approach, but changing the method: our instances of the model
are compared not with the image itself, but with a black and white image that
we call potential, which presents light pixels in those positions toward which we
wish our points to tend, and dark in the rest.

This potential image could be obtained using a conventional edge detector [9].
However, it is important, to avoid many local minima in the objective function,
that the edge maps does not contain many more edges than those correspond-
ing to the searched object, which is not always possible because of background
objects. In our method, a system for edges selection, based on a multilayer per-
ceptron neural network is applied. This network is trained using a set of images
for which the edges of the searched object are known (in our case the 45 cattle
images used to construct the model). The neural network acts over a previously
obtained maximum edge map, classifying the edge pixels into two classes: edge
pixels due to the searched object and edge pixels originated by objects in the
background. As a result, only those edges that more likely correspond with the
object we are looking for, according to the learned criterion, are selected. In fig-
ure 3 an example of this method is presented. Along with the original image (a),
the maximum edge map and the results with and without the neural-networks-
based edge selection system are shown. As we can see, in figure 3,c there are
more edge pixel corresponding to the animal and less originated in the back-
ground than in figure 3,d. A more detailed description of this method can be
found in [12]

With this potential image, we propose the following objective function to be
maximized by the GA:

-1
n—2

n—2
fr@={> K| > | > Dy (2)

Jj=0 7=0 \(=z,y)er;
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(a) (b)

itﬂf‘i'“gﬂm Py
S ol &

Fig. 3. In this figure, an example of our potential extraction method is presented: the
original image (a), maximum edge map (b), and results with (c) and without (d) the
neural-networks-based edge selection system are shown

where x = (Zg, Y0; Z1,¥1; .- ; Ta—-1, Yn—1) 1S the set of points (coordinates of the
image, integer values) that form one instance of our model, and can be easily
obtained from the parameters using equation 1 and a transformation; r; is the set
of points (pixels of the image) that form the straight line which joins (z;,y;) and
(m9+1,y]+1) K is the number of points that such a set contains; and D(x,y)
is a function of the distance from the point {z,y) to the nearest edge in the
potential image.

The function D(z,y) is defined to have a maximum value Inmqq for distance
0 and must be decreasing, so that a value less than or equal to Ie4/100 is
obtained for a given reach distance D 4. In our implementation, three different
functions were considered (lineal, exponential and gaussian):

Dy(z,y) = Imaz (1 - d%—f)) (3)
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De(2,y) = Imqg - e~ 4@y 10100/ D4 )

2 2
Dy(2,y) = Imag - e~ 4@¥) "0 100/D% 5)

where d(z,y) is the distance from the point (z,y) to the nearest edge in the
potential image. The function which produces the best results, along with the
best value for D4 was selected using a GA-based method described in the fol-
lowing subsection. Finally, in order to avoid the calculation of distances within
the objective function (that is executed a great number of times), a gray-level
distance map is generated, over which the instances of our contour are projected.

2.3 Genetic Algorithm Configuration

After defining the search space and the objective function, two aspects must
be determined in order to have an operating scheme of GA. On one hand, the
general outline of the GA must be decided (coding, replacement and selection
methods, etc). On the other hand, values for the parameters that determine the
algorithm (population size, mutation rate, etc) must be given.

As there is no definitive conclusion about the best GA scheme to be used in
this kind of problems, two configurations were considered, based on the ideas
in [13]. The first is similar to the basic GA in [14], and we called it standard,
while the other uses real coding, and is called alternative. They present the
following characteristics:

— Standard configuration: binary coding (16 bits), roulette selection method
(using raw fitness), two-point crossover and mutation operators, and steady-
state replacement method.

— Alternative configuration: real coding, binary tournament selection method
(using linear normalization to calculate fitness), two-point crossover and mu-
tation operators, and steady-state replacement method.

To determine the most suitable scheme for our problem, along with the best
values for the parameters involved (modes of variation £, distance function and
reach distance D4, population P, probabilities of crossover and mutation P
and P,,, and replacement rate S), a secondary GA was applied, whose chromo-
some included those seven parameters, and whose objective function was related
to the efficiency shown by the coded configuration over a concrete set of images,
for which the correct position of the contour was known.

Concretely, the objective function had to run the primary GA, with the pa-
rameters encoded in the chromosome passed by the secondary GA, over a con-
crete number (five) of different images for which the correct position of the
searched contour was known. Then, for each execution, the average distance be-
tween the points of the contour obtained and their correct position could be
calculated. The average of the five values obtained in the five executions was
used as the objective function of the secondary GA, and was minimized. It must
be noted that we had a set of 45 images for which the correct position of the
contour was known: those used in the construction of the shape model.
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As a result, the best performance was obtained with the following GA con-
figuration (alternative):

— Modes of variation: ¢t = 5, so we have 9 parameters.

— Distance dependence function: gaussian.

— Reach distance: D4 = 20 pixels.

Coding: Real numbers.

Population: P = 2000 individuals.

Selection method: Binary tournaments (with linear normalization).
Operators: Mutation (P, = 0.4) and two-points crossover (P, = 0.45).
Replacement: Steady-state replacement, S = 60%.

|

|

It is remarkable that the best results are obtained with very few modes of varia-
tion (with five modes of variation around 85 % of the variations observed in the
training set are explained), though up to 20 were considered.

3 Repeated Execution of the Genetic Algorithm

As mentioned in the introduction, the system described above presents the draw-
back of not assuring a certain rate of successes in the search. A similar problem
is described in [11], where a method is proposed to guarantee a given probability
of success by a repeated execution of the GA (repeated GA). As stated in that
paper, if the probability of success for one execution of the GA, Psga, isknown,
and N repeated runs of GA are made, then the probability of obtaining at least
one success is 1 — (1 — Pgg A)N . Hence, to reach a given probability Prg4 with
repeated GA, N must be chosen such that:

N> 11’1(1 - PRGA)

- ln(l - PSGA) (6)

Besides, to obtain an inferior limit P, for Psg4, a method based on a
hypothesis test and an experiment is proposed. If ¢; is the number of successes
obtained executing the GA over ¢z different and representative images, Peg; can
be calculated solving

a= Zz: b(z;co, Post) with b{z;n,p) = (Z) P (1—p)® 1)

z=c1+1

where « is the level of significance required in the hypothesis test, and b(z;n, p)
is the binomial distribution with parameters n and p.

In order to apply this technique to our problem, the set of 45 images used
for the shape modelling was considered, because the precise location for the
points of the contour in those images was known. Then, one execution of GA
was taken as a success if the mean distance between the points of the resulting
contour and the points of the reference contour is smaller than 10 pixels, which
is a reasonable distance that can be refined afterwards with local optimization
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Table 1. Number (and percentage) of successes obtained applying both SGA and RGA
to our database of 138 images. In the second row, the limbs have not been considered

Single GA Repeated GA

Dist. 7 points 85 (61.6 %) 96 (69.6 %)
Dist. 5 points 119 (86.2 %) 127 (92.0 %)

methods. After running the GA, 34 out of the 45 executions were successful. If
we want to obtain Prg4 = 0.95, considering & = 0.001 (value proposed in [11]),
then N must be at least 4 executions. From the best individuals obtained in
each of these N executions, the one which yields the best value for the objective
function is selected as the final result.

4 Experiments and Results

Our database of 138 images (640 x 480 pixels size) corresponding to cows in
lateral position was used to test the proposed system. In particular we were
interested in testing the suitability of applying the repeated GA technique to
our problem, the performance that could be achieved and, also, the problems
that could arise.

With this aim, both the single GA (only one execution) and the repeated
GA (four executions) were applied. In order to evaluate quantitatively a result-
ing contour, the mean distance (in pixels) between its points and their appro-
priate position must be calculated. However, it was very hard work to gener-
ate the contours for all the images (locating 126 points by hand), so the dis-
tance was estimated by using only seven very significative points of the contour.
The points used were {20,25,40,50,78,99,114}, and are represented in figure 2.
Those points were precisely located for all the images in the database.

Using that distance as a measure of the adjustment, the results obtained are
presented in figure 4 and in the first row of table 1. In the mentioned graph
the percentage of successes versus the distance considered to define success is
represented. The successes increase rapidly with distance, though around 8 there
is a change in the slope that makes the results for distance 10 to be lower than
expected. In figure 6 some examples of the deformable template matching are
presented. As we can see, cases a, b and c correspond to successful adjustments,
with distances lower than 5 pixels, while cases d, e and f correspond to unsuc-
cessful ones (distances over 15 pixels).

The results in the first row of table 1 were a bit disappointing, because a rate
of success around 95 % should be expected, and less than 70 % was obtained.
After analyzing the contours obtained, we realized that in many cases, though
a great part of the contour was well-adjusted, there was an error between limbs
in the foreground and in the background (figure 6, cases d and e). The position
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Fig. 4. In this figure, the percentage of successes versus the distance used to define
success is represented, considering limbs points to calculate the distance
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Fig. 5. As in figure 4, the percentage of successes versus the distance used to de-
fine success is represented, but now limbs points were not considered to calculate the
distance

of the limbs generates an important problem, because in many images there
are two (or more) locations for the template which yields a great value for the
objective function, being impossible for the function to discriminate.

In order to determine the importance of this problem, we eliminated the
influence of limbs position in the distance (i.e., we eliminated points 78 and
114 in that calculus). The new results obtained are shown in figure 5 and in
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(a) Dist. 3.7 (b) Dist. 4.6

(e) Dist. 16.6 (f) 19.2

Fig. 6. In this figure some examples of the repeated GA application to the contour
search are presented, along with the final mean distance (in pixels) to the correct
position, considering the seven points described in the text
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the second row of table 1. As illustrated, these results are significantly better,
almost reaching 95 % for the repeated GA. In our examples, distance reduces to
9.4 and 8.9 in cases d and e respectively, being considered now as success.

These results show the applicability of the repeated GA method to our prob-
lem, and also the need to modify the objective function in order to avoid the
problem generated by the limbs in background.

Also, the results obtained can be compared with those in [9], where a lateral
contour without limbs was extracted. In that case, the best rate of success re-
ported was 72.9, which is significantly smaller than the result obtained in this
work. Besides, the method used in [9] to consider or not a success was based in
visual inspection, what is less reliable than the method applied here.

5 Conclusions and Future Research

In this present work a system that enables accurate location of cow contours
within digital images has been presented. The system is based in the repeated
execution of a GA optimization, using an objective function involving a selective
edge detection in the original image.

Though the results, at first sight, are not as good as we expected, it has been
shown that the problem relies in the objective function: there is a systematic
local maximum that appears due to the limbs in the background, which are not
considered in the contour model. If we omit the limbs, the results presented
are excellent. Therefore, we think that the most important part of the system
that needs improvement is the objective function. We are now working in that
direction, following two lines. On one hand, we try to obtain better potential
images including more parameters as inputs of the neural network. On the other
hand, we intend to include another term in the function to take into account
the a priori knowledge of the problem. Besides, a multi-modal genetic search
followed by a discriminating system is being considered.

On the other hand, the results in table 1 show that the improvement obtained
with the repeated executions of the GA is not very large. This can be imputed
to the good performance of the single GA in our problem. Anyway, thinking in
the final application, what we are looking for with the repeated GA is to assure
a certain probability of success, whatever the computational cost.
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Abstract. A new algorithm for the incremental learning and non-intru-
sive tracking of the appearance of a previously non-seen face is presented.
The computation is done in a causal fashion: the information for a given
frame to be processed is combined only with the one of previous frames.
To achieve this aim, a novel way for simultaneous and incremental com-
putation of the Singular Value Decomposition (SVD) and the mean of
the data is explained in this work. Previous developed methods about
computing the SVD iteratively are taken into account and a novel way
to extract the mean from a factorised matrix using SVD is obtained.
Moreover, the results are achieved with linear computational cost and
sublinear memory requirements with respect to the size of the data.
Some experimental results are also reported.

1 Introduction

The last years have witnessed extraordinary advances in computer and commu-
nications technology, leading to an increasing availability of information and pro-
cessing capabilities of multimedia data [1], [2]. This fact is resulting in a higher
and wider demand for easier access to information [3]. On one hand, this in-
formation is mainly stored in digital format, so its acces is limited to the user’s
ability to communicate with computers. On the other hand, it has been remarked
the great expressive power of the natural language used in human-human com-
munication, as well as its intrinsic multimodal features [4]. Consequently, the
acces to digital information could be carried out using this natural language:
reducing the necessity of knowing a specific way to interact with the computer
and taking advantage of its expressive features. Moreover, multimodal interfaces
with an audio visual system like a talking head could be used in order to speak
to the user in natural language. As a result, talking heads used in multimodal
interfaces seem to be a proper solution for making acces to information easier
and more pleasing for human users.

As explained in [4], multimodal input analysis is necessary when working with
multimodal interfaces and relies on interaction devices e.g. facial trackers. Some
non-intrusive visual trackers can be used in this sheme because they retain infor-
mation regarding to position, scale, orientation and appearance of the tracked
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element, e.g. [5], [6], [7] and [8]. Nevertheless, the whole sequence is needed by
these algorithms to be processed off-line (they have a non-causal behaviour); as
a result, a real time implementation of these methods is impossible, even without
considering their computational cost. This temporal restriction is caused by the
computation of a Singular Value Decomposition (SVD) over the whole observed
data. Moreover, memory resources are greatly affected by this fact, limiting the
duration of the observed sequence. Incremental SVD computation techniques
as [9], [10], [11] and [12] may be useful in this case, but they do not take into
consideration the mean of the data, which is crucial in the classification of the
different gestures. Fortunately, this is taken into account in [13], although it does
not propose a method to extract the mean information from a given SVD and
it can only update the SVD from two other known SVD.

In this paper, a new method for updating SVD and mean information as well
as extracting the mean of the data contained in a given SVD without increasing
the cost order of either time or memory is presented in Sect. 2. The application
of this new method is carried out in Sect. 3 by a causal algorithm for the tracking
and learning of the facial appearance of a person. Experimental results are given
in Sect. 4 and concluding remarks are explained in Sect. 5.

2 Incremental SVD with Mean Update

2.1 Fundamentals

The singular value decomposition of matrix My, =[m;---m,] is given by:

Mpxq = UPXPEPXquXq ’ (1)
where U = [uy - -+ up] and V = [v1 vq] are orthonormal matrices; u; are the
eigenvectors of MM and span the column space of M; v; are the eigenvectors
of MTM and span the row space of M; and ¥ is a diagonal matrix with the
singular values of either MM7 and MTM in ascending order. Notice that if M
is a rank r matrix, where » < p and r < ¢, ¥ has only 7 non-null singular values
and (1) can be rewritten as the thin SVD: Mpxq = UPXTETXTVZXT. By the
other hand, let Cyxq = U;";x,Mpxq be the projections of the columns of M over
the eigenspace spanned by U. Using the thin SVD expression the projections
matrix C = [c; --- ¢4] can be written also as C,xq = ETXTVg"W.

In other fields, like classification problems pointed by [13], a more suitable
representation of M can be achieved including mean information T = % > m;
in (1), which has to be computed and substracted previously from M in order
to be able to generate the SVD of M —~mi - 1:

Mpxq = UpXTETXTVEXT +iﬁpx111xq . (2)

2.2 Updating SVD

Assuming an existing SVD (1), if new columns I,x. = [I; --- L] are added in

order to obtain a new matrix M, .\ o = [Mpxq Ipxc] , the SVD of M’ can be
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updated from (1) using methods like [10] and [11], achieving:

’ l ’

T 3
MPX(P+C) = prr/ Er'xr'\f(q-f—c)XT" . ( )

Otherwise, if the representation of M’ is chosen to be as (2) and m is set to
o+ (4= me + 357, L) the SVD becomes:

’

/T ___I
M (gre) = Uyt Bnt s Vigrayxr’ + Py Lix(ate) - (4)

Starting from (2) and matrix I, (4) can be obtained using the method proposed
by [13] if the SVD of I is previously computed and ¢ and ¢ are known before-
hand. A new method for updating the SVD and the mean using only the new
observations and previous factorization is presented in Sect. 2.3.

2.3 Updating SVD and Mean

Begining with an existing factorization of M; as in (5), it is desired to obtain
the SVD and mean of My shown in (6):

M,; =U;S, V] +m;l . (5)

My = [M; 1] = UsE, V] +myl . (6)

Defining 1\7[1' (7) and centering new columns I around m; (8), it can be written:
M; =M, — ;1 = U; B, V7 . (7)

[M; I] —m;1 = U S VT + gl — il . (8)

[M; —m;1 1-m;1] = U3, V] + (W - )1 . 9

v, §] = U,z VT . (10)

Note that (10) is the updated SVD from (7) when some new observations Iare
added. This update can be done as [11] suggests:

~a 2 U VT vTo

M; IHU; Qz}[ 0 QTI][ }—[U Qz}UdEdVT[ ]—UtEtVT (11)
1

where QR-decomposition is done to i- UiUzTi = Q;R,; to obtain an orthogonal

basis Q; for the reconstruction error. Next, thg: mean update algorzthm can be ex-

ecuted starting from the knowledge of V¥ = VI 4+v,1, where V; = 7 +c Z”l Vi!

M 1] = U, VT + U, Z%,1 = U, S, VT + .l . (12)
[M; 1] = USRIQI+ m,1 = Uy B, VIQI+ m;1 = Up B, Vi+ 1 . (13)
[M; ] + 1 = U;Bp VT + Wl + Wl . (14)
[M I] UfEfo +myl . (15)

It is assumed Q,R., as the QR-decomposition of Vt, U;X fV:f as the SVD of
U;Z:RT and m; = m, + m;. Note that (15) and (6) are equivalent.
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2.4 Mean Extraction from a Given SVD

The previous method can also be used to extract the mean information from
an existing SVD, e.g. trying to express S = U; %, V] as 8 = UsZ;VT +5-1
setting [M; I] =S and m; = 0in (12) to (15).

2.5 Time and Memory Complexity

The mean update presented in section 2.3 does not increase the order of resources
required in methods of incremental SVD developed in [9], [11], [10], [12] and [13].
The computational cost becomes O (qr2 + prz) and the memory complexity is
O (pr + gr), as shown in Table 1.

3 On-the-Fly Face Training

In this paper, On-the-fly Face Training is defined as the process of learning
the photo-realistic facial appearance model of a person observed in a sequence
in a rigorous causal fashion. This fact means that it is not necessary to take
into account subsequent images when adding the information of the current one,
which is considered only once. Note that the facial appearance is learnt in the
same order as the captured images, allowing a real-time learning capability in
near future, as computational resources are constantly being increased.

3.1 Data Representation

An N image sequence S = [I; --- Iy] and a set of four masks Il= {7r1, .. .,7r4},
attached to four facial elements (like mouth, eyes or foerehead), are given. For
each image 1., its specific mouth, eyes and forehead appearance are extracted
with II, obtaining four observation vectors o; (see Fig. 1). Therefore, four ob-
servation matrices O can be obtained from the application of the set of masks
IT over the sequence S. Dimensionality reduction of O" can be achived using

Table 1. Resource order requirements of the proposed SVD mean update algorithm

Operation Comp. cost ~ Mem. requirements
Vi = (3280 W) Tixg = Vixr - Ofar) O (gr+)
vqxr‘ s (Qv)qu- (R"):r')(‘r o (qrz) 0 qr + 7'2

(Ui)pser (i) (R{}”r — Tpxr O (pr? +r%)
TPKT - (Uf)pxr (Ef}rxr (VZ)
(Vf}qxr =% (Q“)qxr (V“)rxr‘

Totals, assuming p > rand g > r
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i — N
- e L

Fig. 1. (a) Masks #n". (b) Image Is. (¢) Regions Rf, obtained from the application of
each mask #n" over image I;. (d) Vectors of related to the defined regions

(@

@ ®)

Fig. 2. (a) Three observed frames of a subject’s face, (b) The same synthesized frames
after learning the appearance model of this person

SVD [14]: O"=[0f -+ o] =U"E" (V)4 8711« n, where "= 4 S5, of. Note
that facial element appearances can be parameterized as C"=X" (V”)T (see
Sect. 2.1). In the example proposed in this paper, faces composed of 41205 pix-
els could be codified with 35 coefficients, representing a reduction of more than
99.9% without any loss of perceptual quality (see Fig. 2).

3.2 Training Process

One major drawback of the parametrization presented in Sect. 3.1 consists in the
image alignment of the sequence [5]. Unless all face images through the whole
sequence have the same position, ghoslty results may appear and suboptimal
dimensionality reduction will be achieved. The tracking scheme presented in
this paper combines simultaneously both processes of learning and alingment.
First of all, the four masks 7" are manually extracted from the first image I; of
sequence S and the first observation vectors ol,..., 0% are obtained. Next, the
corresponding alignmentcoefficients a; are set to 0; they represent the affine
transformation used to fit the masks onto the face on each frame [5]. Using
the tracking algorithm presented in [7] over the second image I3, observations
03,...,0% and alignment coefficients ay are stored. At this point, each facial
element r can be factorized as [0] 0f] = OF =UL X} (V;)Tr+ 0, =5 ( )+ o},
where the current mean observation is generated by o3 = 31?"», the eigenvectors
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Sequence images: J

A 4

Masks: 1T

Sequence images: J .| Alignment

Updated Facial Model: A4

o=
SVD Update |,

[Steps 3,4 Observations: o

L 4

Alignment information: a2

Fig. 3. Block diagram of the On-the-fly Training Algorithm

of 0% ( Q)T are found in U} and the texture parametrization of the r-th facial
element in images I; and I is obtained in Cj. Once this initialization is done,
the On-the-fly Training Algorithm (Figure 3) can be executed. Besides, only
those columns of Uf,, and V., whose values of 37, exceed a threshold 7 are
considered, keeping only those eigenvectors with enough information. The value
of 7 decreases from 0,5 to 0,5- 1072 in the first images (1 seconds at 25 im/s)
in order to allow better face localization when almost no information is known
about its appearance. Notice that alignment parameters a can be used to extract
gestural information in a multimodal input system [15].

On-the-fly Training Algorithm

In: U,, X5, V3, 6., alignment coefficients ag and set of four masks IT
1. Set k=2

2. Using Uy, Xk, Vi, Ok, ar and II, a new input image Iy, is aligned,
generating L observation vectors of,; and updating the alignment
information to produce ag.1.
Obtain Uy, Tp1, Vs and x4y from Uy, Xi Vi, O, and ogs1 (4)-(8).
Trim Ug4+q and Vi1 according to g .
Set k =k + 1 and go to Step 2 until there is no more new images.
Out: Uy, X¢,Vy, 65 and alignment coefficients ay for each image.

kW

4 Experimental Results

The On-the-fly Training Algorithm has been tested over a short sequence and
a long one, both recorded at a frame rate of 25 im/s. The short sequence consists
of 316 images and it has been used to compare the results obtained from our On-
the-fly Training Algorithm and its previous non-causal version [7]. Achieving the
same quality in the results (see Fig. 4), the presented algorithm has reduced the
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Fig. 4. Output tracking results of the learning process for: (a) the On-the-fly Training
Algorithm and (b) the non-causal algorithm

Computation time Memory required

1 (]

10 .10
10 10 10

(a) (b)

Fig. 5. Solid line represents the On-the-fly Training Algorithm performance while
the dashed one belongs to the non-causal algorithm presented in the work of [7]. (a)
Computation time in seconds. (b) Memory used in bytes

execution time about 66% with respect to [7] and has required about 7 Mbytes in
front of the 200 Mbytes consumed by [7] (see the comparison in Fig. 5). Later, if
we focus on the long sequence (10000 frames), its processing requirements were
impossible to met with the non-causal algorithm [7] because its huge memory
cost of 6000 Mbytes, although massive storage systems (e.g. hard drives) were
used; the On-the-fly Training Algorithm reduced the memory requirements to
17 Mbytes with a processing time of a little more than 10 hours (using a 2GHz
processor) (see Fig. 5).

5 Concluding Remarks

In this paper, a new method for extracting the mean of an existing SVD is
presented, without increasing either the cost order of memory or time. Thus,
incremental computation of SVD preserving a zero data mean is allowed. Fields
that can benefit from this method can be, e.g.: classification problems, where the
mean information is used to center the data; incremental computation of covari-
ation matices, which need to be centered around its mean; causal construction
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of eigenspaces, where the principal components of the data are included, as well
as the mean information. With respect to the latter, the On-the-fly Algorithm
is presented in this work. Given an image sequence and a set of masks, this
algorithm is capable of generating a separate eigenspace for each facial element
(learning all their appearance variations due to changes in expression and visual
utterances) and effectively tracking and aligning them. Furthermore, longer se-
quences than previous methods [5], [7] can be processed with the same visual
accuracy when no ilumination changes appear. Finally, we plan to add more
robustness to this algorithm using methods like [5] and more work will be done
in order to achieve real time perfomance, so specific appearance models can be
obtained as a person is being recorded.
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Abstract. This paper presents a technique to enable deformable objects to be
matched throughout video sequences based on the information provided by the
multi-scale local histograms of the images. We shall show that this technique is
robust enough for viewpoint changes, lighting changes, large motions of the
matched object and small changes in rotation and scale. Unlike other well-
known color-based techniques, this technique only uses the gray level values of
the image. The proposed algorithm is mainly based on the definition of a
particular multi-scale template model and a similarity measure for histogram
matching.

1 Introduction

In this paper, we approach the problem of matching deformable objects through video
sequences based on the information provided by the gray level histogram ofthe local
neighborhoods of the images. Our approach is traditional in the sense that we shall
define a template of the object of interest, and we will attempt to find the image
region that best matches the template. What is new about our approach is the template
definition and the similarity measure. Deformable object matching/tracking remains a
very challenging problem mainly due to the absence of good templates and similarity
measures which are robust enough to handle all the geometrical and lighting
deformations that can be present in a matching process.

Very recently, object recognition by parts has been suggested as a very efficient
approach to recognize deformable object [4][5][1]. Different approaches are used in
the recognition process from the basic parts, but the matching of salient parts is a
common task to all approaches. Region and contour information are the main sources
of information from which the location of a part of an object in an image can be
estimated (e.g. [17][11][9][10]). Our approach is region-based since gray level
features better model the type of application that we are interested in. Let us consider
facial region matching. The main features we use are the local histograms at different
spatial scales of the image. Furthermore, it is well known that histograms are robust
features for translation, rotation and view point changes [14] [15] .

The use of histograms as features of interest can be traced back to Swain & Ballard
[15] who demonstrated that color histograms could be used as a robust and efficient
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mechanism for indexing images in databases. Histograms have been used widely in
object and texture recognition and image and video retrieval in visual databases [13]
[3] [12]. The main drawback ofusing the histogram directly as the main feature is the
loss of the gray level spatial information [12][15]. Recent approaches based on the
space-scale theory have incorporated the image’s spatial information. In [13]
multidimensional histograms, which are obtained by applying Gaussian derivative
filters to the image, are used. This approach incorporates the image’s spatial
information with global histograms. In [3], spatial information is also taken into
account, but using a set of intensity histograms at multiple resolutions. None of the
above approaches explicitly addresses the local spatial information present in the
image. The ideas presented in [7], [6] suggest the interest in removing the local spatial
information in deformable regions matching process. In [8] it is shown that very
relevant information to detect salient regions in the image can be extracted from local
histograms at different scales.

In this paper, by contrast with the above approaches we impose a better
compromise between spatial information and robustness to deformations. In our case,
the matching template for each image region is built as a spatial array, and to each of
its positions, the gray level histograms (calculated from a growing sequence of spatial
neighborhoods centered on this position) are associated. Although this spatial
information is extremely redundant, as we show in the experiment in the case of high
noise, this redundancy is extremely useful when estimating the correct location of the
template. On each image, the template is iterated on all the possible locations within
it. The matching on each image location is the vector of the similarity matching on
each spatial scale. The optimum (minimum or maximum, according to the similarity
criterion definition) of this vector defines the saliency value in each image location.
The set of these values defines a saliency map associated to the image, which is the
input to the final decision criteria defining the optimum location.

This paper is organized in the following way: Section 2 introduces the template
definition and the similarity measure; Section 3 presents the algorithm; Section 4
shows the experimental results; and finally, Section 5 details the discussion and
conclusions.

2 Template and Similarity Measure

Let ® be a region ofthe image I. Let Dy(a)={xe ®|||x-a||<s, ae R, seR" } be the set
of points inside the region R to a distance s of the points a. Let Ns={ Dy(a)| Ds(a)
®} be the set of all local discs D; fully contained inside the region ®,. The set {N;,
se S} represents the information present in the image for the range of scales defined
by 5. The main drawback of classical template matching methods is the rigidity
imposed by the spatial disposition ofthe gray level values ofthe pixels, which prevent
the template from adapting to the gray level changes on the surface of the object due
to lighting or geometrical changes. The template we introduce to characterize a region
removes this constraint by associating to each pixel a set of histograms instead of only
one gray level. Obviously, small changes in the gray level values around a pixel can
be absorbed inside its histogram.
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The template associated to aregion ® is then defined by the set

T(® = {V(N;),seS} M

where ¥ (N;) represents the set of histograms built up from the set of spatial
neighborhoods Nj.

The next step is to define a similarity measure associated to this template. We have
considered the following vector-valued similarity distance between two templates
associated to two regions of the same size

D(T(R,), T(R,))=min Mi 2 @)W (x,9) = v, (x,9) @

s xeNg

Where v(x,s) defines the gray level histogram calculated at the pixel location x and
scale value s and M; is the number pixel in N;. The values w(x) weight the error norm
inversely proportional to the distance of the pixel x to the target region center. In our
case we have use the radially symmetric function w(x)=(1-x), if 0< x <l and 0 if x>1
to define the weights. Different norms calculating a distance between two dense
histograms, in matching process, have already been studied [13]. In our case, all the
local histograms v(x,s) are very sparse since the range of gray levels present in the
neighborhood of each pixel is usually very small in comparison with the full range of
the image. We have experimented with the Minkowski’s norm (M) for p=1,2 and the
capacitory discrimination (C), an entropy-based discrimination measured equivalent

1
M, (v, v)=[v, = v, = Qi Gs) = v, (xs) )P, p=1.2

nebin
v, +vy
Cvpvs) =l = vill, = 2H(E ) = Hop) - H(;) ®
H(p)=-) p,logp,
nebin

to a simetrized divergence information (see [16]).

One important consequence of the histogram sparseness is the need to quantize the
image gray level range before the similarity distances are calculated. It is important
to note that in contrast with the results shown in [15], the bin number after the
quantization process appears as a relevant parameter. We have tried to estimate this
number using the statistical criteria developed for optimum bin number estimation
[2], but unfortunately these estimators do not represent, in general, an adequate bin
number for the matching process. In our case the bin number used in the experiments
was fixed by hand. A consequence of the quantization process is the invariance to
illumination differences less than the bin width. In all of our experiments, we use a
uniform quantization criterion fixing the length ofthe interval ofthe gray levels ofthe
image assigned to each bin. The same process is applied to the gray levels of the
template region.
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In order to estimate L(T{®Rr),T(I)), the set of possible occurrences of the template
in an image, we apply the function defined in (2) on each scale and on all the possible
image locations in which the template region can be embedded within the image.
These values define the saliency vector-map associated to the image /. The set £ is

defined by the union of all spatial local minima present on each scale ofthe saliency
map.

HT@ )T = Ulxe 1|2, (T(1) <0, (1(,) WyeD.@ | 0
where Dy (T(1,)) means DT (R),T (L)), and the subscript x indicates the

image point where the template is centered. More sophisticated matching techniques
can be applied on a subset of these points to decide the best of all of them.

3 The Algorithm

The previous steps can be summarized as follows:

1.- Fix the scale range.
2.- Build up the template T(®;) of the region template for the prefixed range of
scales.
3.- For each image
3.1 Build up the template of the i-th image 7(/;)
3.2 Calculate the saliency map between T(Rq) and T(/;)
3.3 Calculate £ , the union of all local minima on all scales for a prefixed
neighborhood size.
4.- Apply a final matching criterion on the set of point L.

In order to speed up the efficiency ofthe algorithm we start applying the algorithm
to a sub-sampled version of the region template and images, where the scale values
were divided accordingly. In this case, the estimated points and its neighbourhoods
for a fixed size define the set of point £ . In order to get the maximum accuracy in
our matching process the step 4 is carried out on the original images. It is also
important for the efficiency in time to implement the histogram calculation using an
adaptive process along all the image locations. The most costly step in this algorithm
is the saliency map calculation on each image location. In this respect and taking into
account the information redundancy present in the template, the error measure given
in (2) can only be calculated on a subset of the pixel. In order to remove the produced
error by a constant difference in illumination, the template and the target region are
fixed to the same average value before calculating the error differences.

4 Experimental Results

Several experiments have been performed in order to assess the effectiveness of the
proposed algorithm. Firstly, we focus our experiments to show how robust our
algorithm is to drastic changes in the object pose. Secondly, we also show how the
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algorithm is capable of a reasonable level of shape generalization, since with only one
sample it is possible to successfully track different instances of the same kind of
object. Thirdly, we show how robust our algorithm is when there are a very large
change in pose and very hard noise condition. In all the experiments, the final
decision criterion has been to take the location with the highest saliency measure. In
all the experiments, the scale range used was s=2,3.4,5,6, which means they are
circular neighborhoods with diameters ranging from 3 to 11 pixels. In all the
experiments, the template region is a rectangular sub-image. The background pixels,
when present, are removed using a binary mask. The bin number was fixed on each
experiment by hand. The three distances between histograms, M,, M, and C, were
used in our experiments. Although no very significant differences were detected
among them, the Euclidean distance M, obtained in all the experiemnts the more
accurate matches. All results shown in this section are referred to the Euclidean
distance.

We have used video sequences of human heads in motion for the first two
experiments, and sequences obtained from the national TV signal for the third
experiment. The head in motion sequences were captured in 640x480 format by the
same digital camera, but in different lighting conditions. The aim is to match the eyes
and the mouth throughout the entire sequences. In our experiments, the template
region was an instance of the matched object chosen from an image of the sequence.
However, we also show the results of using the generic template region on different
image sequence. For reasons of efficiency in our experiments, we reduce the image
size to the head zone giving 176x224 size images.

Figure 2 shows the images of a person turning his head from right to left and vice
versa. In this case, the region templates for the eyes and mouth, respectively, have
been taken from the region ofthe right eye and the mouth of one ofthe central images
with the head in a front-to-parallel position. Figure 1 shows the two region templates

(a) (b)

Fig. 1. a) Template region used for tracking the eyes; 24x16 pixels, b) Template region used for
tracking the mouth; 36x16 pixels. Both template regions belong to the sequence shown in
figure 2

Figure 3. shows the results obtained using generic template regions obtained form
figure 3 (a) on an image sequence with different expression and very strong changes
in the point of view of the face. This experiment shows the robustness of the
algorithm for matching very different instances of the same object.
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(b)

Fig. 2. a) Pieces of relevant images from the eye tracking sequence;. b) Pieces of relevant
images from the mouth tracking sequence. The white circle indicates the highest saliency point.
The black circle indicates the second highest saliency point.. The shown images are 50x170
pixels

©

Fig. 3. Robustness of the tracking using generic templates; a) Template image; b) The eye
tracking using the eye template extracted from the image (a); ¢) The mouth tracking using the
mouth template extracted from the image (a). The white circle indicates the highest saliency
point. The black circle indicates the second highest saliency point. The shown images are

50x170 pixels

(a) (b)

Fig. 4. a) Template region used in the Figure 5. sequence tracking.; 24x16 pixels; b) Binary
mask used to remove background pixels
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Fig. 5. a) Four images of the full sequence are shown; b) A subset of relevant details of the
tracking sequence is shown. The white circle indicates the highest saliency point. The black
circle indicates the second highest saliency point

In figure 5 we show a sequence recorded in a bicycle race. The aim is to track the
bicycle saddle throughout the sequence. Figure 4 shows the template region obtained



Deformable Object Matching Based on Multi-scale Local Histograms 161

from one image in the sequence. In this sequence, the fast bicycle motion joined to the
moving camera produces large changes ofthe saddle viewpoint. In this case, the level
ofnoise is also very high for several reasons: firstly, the digitalization process reduces
the images from PAL format to QCIF format; secondly, large lighting changes can be
observed throughout the sequence; and thirdly, because of the effect of the rain and
fog present in the scenery (see figure 5 (a)).

In all the experiments, we have tried with different sampling steps (0-4) on the
image axis in order to calculate the expression (2). In almost all the images a
sampling step of 4 pixels in both axes was sufficient to obtain the highest saliency
value in the best location. However, in some cases with clutter background or large
changes in geometry or lighting, all the pixels had to be considered.

5 Discussion and Conclusions

The first experiment (Figure 2) shows how our algorithm is stable and robust enough
for viewpoint changes. The right eye, defining the region template, is always matched
as the best location throughout the entire sequence. We also show how the loss of
local spatial information has the advantage of matching different instances of the
same object but with different shapes. The left eye is the second best location in all
the images. Furthermore, Figure 3 also shows how our template is flexible enough to
match very different instances of an object. This means that the template definition is
capable of codifying the relevant information about the object removing the local
spatial details. In the last experiment (Figure 5), robustness to a non-Gaussian high
level of noise and drastic changes in the point of view is shown. It is important to
remark that in this difficult sequence of 150 images only in very few images the best
location is the second in saliency value.

In all the experiments we have only considered translation motions ofthe template
since our interest is to show that the proposed algorithm is capable of successfully
matching a large set of different instance of the original template. Of course the
adding of motions as rotation or scale should improved very much the technique. One
of the main drawbacks of our algorithm is the loss of the image-plane rotation
invariance that is present when the full image histogram is considered. The
approaches given in [13][3] do not present these problems since they consider full
image histograms. However, in preliminary experiments carried out considering
global histograms instead of local histograms, poorer results were obtained. In any
case, a comparative study ofall these techniques would be an interesting future line of
research.

In order to compare these results with the traditional correlation matching
algorithms we run the same experiments using this algorithm but we obtained
completely unsatisfactory results in terms of the object matching position.

In conclusion, the proposed algorithm represents an efficient generalization of the
classical matching by correlation algorithm for the case of deformable objects. This
algorithm enables us to match different instances of the same object obtained from a
very wide viewpoint range. The loss ofthe local order imposed by the local histogram
uses have revealed a high level of robustness in template matching with strong shape
deformations even in high noise conditions. It has also proved to be robust enough for
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lighting changes by using histograms with a suitable bin number. Although in theory
the algorithm is not robust for image-plane rotation and scale, experiments have
shown that there is also invariance to small rotations and scale.
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Abstract. We propose a two-step method for detecting human heads
and estimating face orientations under the dynamic environment. In the
first step, the method employs an ellipse as the contour model of human-
head appearances to deal with wide variety of appearances. Our method
then evaluates the ellipse to detect possible human heads. In the sec-
ond step, on the other hand, our method focuses on features, such as
eyes, the mouth or cheeks, inside the ellipse to model facial components.
The method evaluates not only such components themselves but also
their geometric configuration to eliminate false positives in the first step
and, at the same time, to estimate face orientations. In the both steps,
our method employs robust image-features against lighting conditions
in evaluating the models. Consequently, our method can correctly and
stably detect human heads and estimate face orientations even under the
dynamic environment. Our intensive experiments show the effectiveness
of the proposed method.

1 Introduction

Automatically detecting and tracking people and their movements is important
in many applications such as in— and out-door surveillance, distance learning,
or interfaces for human-computer interaction [2, 4, 6, 7, 8, 9]. In particular, the
human face is a key object of interest for visual discrimination and identifica-
tion. A tremendous amount of researches has been made for detecting human
heads/faces and for recognizing face orientations/expressions (see [3, 20] for sur-
veys). Most existing methods in the literatures, however, focus on only one of
these two. Namely, methods to detect human heads/faces (see [1, 12, 16, 17, 21],
for example) do not estimate orientations of the detected heads/faces, and meth-
ods to recognize face orientations/expressions (see [10, 13, 14, 15, 18], for ex-
ample) assume that human faces in an image or an image sequence have been
already segmented.

To build a fully automated system that recognizes human faces from images,
it is essential to develop robust and efficient algorithms to detect human heads
and, at the same time, to identify face orientations. Given a single image or
a sequence of images, the goal of automatic human-face recognition is to detect

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 163-176, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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human heads/faces and estimate their orientations regardless of not only their
positions, scales, orientations, poses, but also individuals, background changes
and lighting conditions.

This paper proposes a two-step method for detecting human heads and, at
the same time, for estimating face orientations by a monocular camera under the
dynamic environment. In the both steps, we employ models of the human-head
contour and face orientations to enhance robustness and stableness in detection.
We also introduce model evaluation with only image-features robust against
lighting conditions, i.e., the gradient of intensity and texture.

In the first step, our method employs an ellipse as the contour model of
human-head appearances to deal with wide variety of appearances. The ellipse
is constructed from one ellipsoid based on the camera position with its angle
of depression in the environment. Our method then evaluates the ellipse over
a given image to detect possible human heads. In evaluation of an ellipse, two
other ellipses are generated inside and outside of the ellipse, and the gradient of
intensity along the perimeter of the three ellipses is used for accurate detection
of human-head appearances.

In the second step, on the other hand, our method focuses on facial com-
ponents such as eyes, the mouth or cheeks to construct inner models for face-
orientation estimation. Based on the camera position with its angle of depres-
sion, our method projects the facial components on the ellipsoid onto the ellipse
to generate inner models of human-head appearances. Our method then eval-
uates not only such components themselves but their geometric configuration
to eliminate false positives in the first step and, at the same time, to estimate
face orientations. Here the Gabor-Wavelets filter, which is verified its robustness
and stableness against changes in scale, orientation and illumination, is used in
detecting features representing the facial components.

Consequently, our method can correctly and stably detect human heads and
estimate face orientations even under the dynamic environment such as illu-
mination changes or face-orientation changes. Our intensive experiments using
a face-image database and real-situation images show the effectiveness of the
proposed method.

2 Contour Model for Human-Head Appearances

The model-based approach is inevitable to enhance stableness against dynamic
changes in environment. This is because features detected from images without
any models often generate false positives in recognition.

2.1 Human Head and Its Appearances

Human beings have almost the same contour in shape of the head and an el-
lipse approximates the appearance of the contour. These observations remain
invariant against changes in face orientation. We, therefore, model the contour
of human-head appearances by the ellipse [1, 12, 16].
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Fig. 1. Geometric model of human head appearances

An ellipse has five parameters in the image (Fig. 1): the 2D coordinates of
the ellipse center, the length of the semiminor axis, the oblateness, and the slant
of the ellipse.

These parameters of the ellipse change depending on the angle of depression
of a camera even though human heads are in the same pose. In particular, the
change in oblateness is outstanding. To investigate this change in oblateness,
we introduce an ellipsoid to the human-head model in 3D. We assume that the
ellipsoid is represented in the world coordinates by

2 2 2

where 7 > 1. We then derive an ellipse as the contour model of human-head
appearances depending on the angle of depression of the camera (Fig. 2).

When we set up a camera with any angle of depression, the ellipsoid (2.1) is
observed as an ellipse. The length of the semiminor axis of the ellipse is always
one. The length of the semimajor axis, on the other hand, is between one and r
depending on the angle of depression of the camera.

Now we determine the oblateness, ' (1 < v’ < r), of the ellipse observed
by a camera with ¢ angle of depression providing that the distance of the cam-
era position from the ellipsoid is large enough (Fig. 3). We consider the ellipse
obtained through the projection of (2.1) onto the xz—plane and its tangential
line £. We see that the ellipse, the projection of (2.1) onto the xz—plane, is
represented by

22

T
Let its tangential line with slant ¢ from the z—axis be
z =sinpx + b, (2.3)

where b is the z-intercept. Combining (2.2) and (2.3), we can compute b. We
then have the coordinates of their contact point, from which it follows that

o 4 +tan? o
r2 +tany’
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"
\

projection screen

Fig. 2. Human-head model Fig. 3. Projection of the ellipsoid
onto the xz—plane

Fig. 4. The (red) ellipse representing a human-head appearance

This relates ¢, i.e., the angle of depression of the camera, with 7/, i.e., the
oblateness of the ellipse representing the contour of human-head appearances.
We dynamically compute the oblateness of the ellipse from the camera position
based on this relationship.

2.2 Evaluation of Contour Model

When we are given an ellipse in the image, how to evaluate the goodness of the
ellipse to recognize as a human-head appearance is a tough issue. Employing
image features invariant under the dynamic changes in environment is indis-
pensable. We employ, in this paper, the gradient of intensity in evaluating the
ellipse to obtain not a human-head appearance itself but an applicant of human-
head appearances. This is because the gradient of intensity is robust against
illumination changes.

When we fit an ellipse to the contour of a human-head appearance, we have
the following observations (Fig. 4):

— Great gradient magnitude of intensity at the ellipse perimeter.

— Continuous changes in intensity along the ellipse perimeter except for the
boundary between hair and skin.

— Continuous changes in intensity from just inside the ellipse.

We thus evaluate a given ellipse in three different ways. One is evaluation on
the gradient magnitude of intensity at the perimeter of the ellipse. Another is
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Fig. 5. Evaluation of the ellipse (red: the ellipse to be evaluated)

evaluation on intensity changes along the perimeter of the ellipse and the other
is evaluation on intensity changes from the adjacent part inside the ellipse. Intro-
ducing these three aspects in evaluation of an ellipse results in more accurately
and more robustly obtaining applicants of human-head appearances.

For evaluating an ellipse, we construct two other ellipses (Fig. 5). One is
a smaller size ellipse with the identical center and the other is a larger size
ellipse with the identical center. In Fig. 5, the red ellipse is to be evaluated and
the blue ellipse is the smaller size one and the green is the larger size one. We
denote by orbit(i) the intensity of the intersection point of the (red) ellipse to
be evaluated and ray ¢ whose end point is the ellipse center. We remark that
we have N rays with the same angle-interval and they are sorted by the angle
from the horizontal axis in the image. outer(i) and inner(i) are defined in the
same way for the cases of the larger size ellipse (green ellipse) and the smaller
size ellipse (blue ellipse), respectively.

We now have the following function evaluating the (red) ellipse.

N
1 . . .
fp) = by D_{GG) - 0() ~ I}, (24)
=1

where p is the parameter vector representing the red ellipse and
G(i) = |outer(i) — orbit(i)|, (2.5)
O(i) = |orbit(z) — orbit(i — 1)|, (2.6)
I1(7) = |orbit(i) — inner(i)). (2.7)

Note that % is the constant making the value dimensionless [1]. (2.5), (2.6), and
(2.7) evaluate the gradient magnitude of intensity at the ellipse perimeter, inten-
sity changes along the ellipse perimeter and intensity changes from just inside
the ellipse, respectively. Ellipses having a small value of (2.4) are then regarded
as applicants of human-head appearances.

In the next section, we evaluate the applicants of human-head appearances
based on features inherent in the human face to recognize as a human-head
appearance and, at the same time, to identify the face orientation.
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3 Inner Models for Face Orientations

3.1 Facial Components

Eyebrows, eyes, the mouth, the nose and cheeks are the features inherent in
the human face. Here we focus on eyes, the mouth and cheeks, and characterize
textures around such facial components. We remark that textures are robust
against illumination changes.

In oriental countries, we observe around eyes (1) a dark area due to eyebrows,
(2) a bright area due to eyelids, and (3) a dark area due to the pupil. These are
observations along the vertical direction of the human face and these character-
ize the texture of an eye area. We also observe that the eye area is symmetrical
with respect to the pupil. As for an area around the mouth, on the other hand,
we observe (1) a bright area due to the upper lip, (2) a dark area due to the
mouth, and (3) a bright area due to the lower lip. In addition, the mouth area
is also symmetrical with respect to the vertical center of the face. These obser-
vations characterize the texture of a mouth area. We see no complex textures in
a cheek area. These observations are almost invariant and stable under changes
in illumination, in face-orientation and in scale.

The geometric configuration of the facial components, i.e., the relative posi-
tion between eyes, the mouth and cheeks is also invariant. Combining the char-
acteristic of textures of the facial components with their geometric configuration
enables us to recognize human heads/faces.

For each applicant of human-head appearances, we detect the facial compo-
nents with their geometric configuration to verify whether it is a human-head
appearance. We remark that we can easily identify the scale in detecting facial
components since we have already obtained applicants of human-head appear-
ances in terms of ellipses.

3.2 Detecting Facial Components Using Gabor-Wavelets

In detecting facial feature points described in the previous section, the Gabor-
Wavelets filter is most promising in robustness and stableness against illumi-
nation changes [5, 11, 13, 14, 19]. We thus use Gabor-Wavelets to extract the
facial feature points, eyes, the mouth and cheeks, as a set of multi-scale and
multi-orientation coefficients.

Applying the Gabor-Wavelets filter to a point (zg, yo) of a given image f(z,y)
can be written as a convolution

¢(l’0, Yo,0,W, ¢) = / d.’l?dyf(.’lt, y)G(.’E —Z0,Y — Yo0,0,W, ¢)
with Gabor kernel G{(z, y, o, w, ¢)s where G is formulated [11] by

G(‘T’ y! O',LL), ¢) = Her_al-?<iz+g2)ejwi'
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(a) Real-part of a kernel (b) Kernels with different orientations

Fig. 6. Gabor kernels

Here

[@] _ [ cos ¢ sin¢] m k= ke, j=v-L

7 — sin ¢ cos ¢

o,w, ¢ are the parameters representing the scale, frequency and orientation, re-
spectively. Note that (Z,¢) is obtained by rotating image point {(z,y) by ¢.

Figure 6 shows an example of a set of Gabor-Wavelets, (a) is the real part of
the Gabor kernel with ¢ = 3.0,w = 0.5°, ¢ = 0°, and (b) is the kernels with the
same scale, different orientations and frequencies.

We can selectively apply the Gabor-Wavelets filter to particular locations.
In addition, we can easily specify scales, frequencies, and orientations in the ap-
plication of the Gabor-Wavelets filter. In other words, we can apply the Gabor-
Wavelets filter to specific regions in the image, i.e., pre-obtained applicants of
human-head appearances, with selective parameters in scale, frequency, and ori-
entation to extract a feature vector. This is because we have already detected
such applicants of human-head appearances in terms of ellipses (we have already
roughly estimated a size of a human-head appearance). This reduces the com-
putational cost in recognizing human-head appearances in the practical sense.

We characterized in Section 3.1 textures around eyes and the mouth along
the vertical direction of the human face. To detect these textures we only have
to select the parameters in the Gabor-Wavelets filter so that the filter detects
the textures along the semimajor axis of the ellipse. Points with maximal values
in the response ellipse-region can be eyes and those with minimal values can be
a mouth. The area with no singularity, on the other hand, can be cheeks.

3.3 Inner Models of Head Appearances with Facial Components

We construct here inner models of human-head appearances based on the ellip-
soid (2.1). As shown in Fig. 2, area R; on the ellipsoid denoting a facial compo-
nent such as an eye or a mouth is projected onto the plane when it is viewed
from the camera with direction (8, ¢), where @ is the rotation angle toward the
camera from the front of the face and ¢ is the angle of depression of the camera.
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Fig. 7. Geometry in deriving an inner model

The projected area then enables us to identify the location of the facial compo-
nent in the human-head appearance. Hence, we can construct the inner models
of human-head appearances. We remark that we can measure ¢ in advance when
we set up a camera in the environment.

We consider plane S that goes though the origin and whose normal vector is
identical with the viewing line of the camera (Fig. 7). Let D = (k,I,m)T be the
unit normal vector of plane S. S is then expressed by kx + Iy + mz = 0. It is
easy to see that k,I and m are expressed in terms of # and ¢:

k=cospcosf, l=cospsinf, m=sine.

Letting p be the foot of the perpendicular from a 3D point P onto S, we can
easily relate P and p by
_(Xs
r=(31)F

Here X ¢, Y § are the orthogonal unit vectors in 3D representing the coordinates
in S:

l —k
1 m
Xo= o | =k |, Ys= 2| -
s Vi-m?2 | s V1—-m?2 |\ 1-m?

In this way, when depression angle ¢ and rotation angle @ are specified, we
can project a facial area of the ellipsoid onto the image plane to obtain an inner
model of the human-head appearance that represents the facial components with
their geometric configuration.

Figure 8 shows the inner models of human-head appearances with ¢ = 0
(upper: 6 = 0°,30°, 60°, 90°, lower: 8 = 180°, 270°, 300°, 330°). R; and R denote
the eye areas. R3 denotes the mouth area, and R4 and Ry denote the cheek areas.

To the response ellipse-region of the Gabor-Wavelets filter, we apply the inner
model matching to detect human-head appearances and face orientations. To be
more concrete, if we find eyes, a mouth and cheeks in a response ellipse, we then
identify that the ellipse is a human-head appearance and that the orientation of
the matched inner-model is the face orientation of the appearance. Otherwise,
we identify that the ellipse is not a human-head appearance and eliminate the
ellipse.
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Fig. 8. Inner models of human-head appearances with the facial components

4 Algorithm

Based on the above discussion, we describe here the algorithm for detecting
human-head appearances with face orientations. To reduce the computational
cost in generating applicants of human-head appearances, we introduce the
coarse-to-fine sampling of the parameters representing ellipses. Namely, we first
coarsely sample points in the parameter space for the ellipse and then minutely
sample the area around the points that are selected based on plausibility of the
human-head appearance.

Step 1: Capture an image.
Step 2: Search applicants of human heads in the image.

2.1: Randomly sample points in the parameter space representing the ellipses
that are generated from (2.1); let {p,} be the sampled set.

2.2: Evaluate each entry of {p;} by (2.4); let {p;.} be the set of samples
whose scores of f in (2.4) are less than a given threshold.

2.3: More minutely sample points in the area around each entry of {p;.} and
let {p}} be the sampled set. (Note that {p}} is applicants of human-head
appearances.)

Step 3: To each entry of {p}}, generate inner models of human-head appear-
ances.

Step 4: Apply the Gabor-Wavelets filter to each entry of {p}} to detect facial
feature points.

Step 5: To each pj, apply the matching with the corresponding inner models.

Step 6: If p; matches one of its corresponding inner models with a high score,
then recognize pj as a human-head appearance and the face orientation as
that of the matched inner-model. If p} does not match any of'its correspond-
ing inner models with a high score, then eliminate pj.

5 Experimental Evaluation

A. Evaluation on Face Orientations Using a Face-Image Database

We first evaluated our algorithm using a face-image database. The database
contains face images of 300 persons with the ages ranging uniformly from 15
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Fig. 9. Parameters in obtaining a face- Fig. 10. Sample images of the face-image
image database database (with 0° of depression)

Table 1. Recognition accuracy for different face orientations (%)

. face orientations
angles of depression

0° [30° [60° | 90° [180°]270°]300°[330°
0° 84.7]86.3]83.7]31.0]97.0]34.7]80.0] 79.3
15° 64.7/86.3(75.3|27.7|97.7| 21.0| 71.7| 71.7
30° 23.7|75.3|70.3|14.0]99.0| 10.0|51.0|51.7
45° 17.7|61.7|51.0{16.0|94.7| 8.3 |27.0|27.0

years old to 65 years old including men and women. Each person is taken his/her
face images from different directions as shown in Fig. 9. To each face image in
the database, attached is the ground truth of the direction from which the image
is taken.

We used 9600(= 32 x 300) face images in the database where 32 directions
are used in taking images of each person: the angles of depression of the camera
were ¢ == (0°, 15°, 30°, 45° and the rotation angles with respect to the horizontal
axis, i.e., face orientations, were 0°, 30°, 60°, 90°, 180°, 270°, 300°, 330°. Fig. 10
shows samples of the face images of one person in the database.

We applied our algorithm to the 9600 images to detect face orientations.
Table 1 shows the recognition rates of the estimated face-orientations.

Table 1 shows that face orientations are in general recognized with high
scores. We see low accuracy in orientations with 90° and 270°. This is because
one eye and one cheek do not appear in the face with such orientations and
thus the inner model matching becomes unstable. We also see that accuracy
becomes higher as the angle of depression of the camera becomes smaller. The
small angle of depression of the camera means that the face is captured from the
horizontal direction of the face and that the facial components clearly appear in
the image. It is understood that clearly appearing facial components improves
the estimation accuracy of face orientations. A large angle of depression, on the
other hand, causes great changes not only in human-head appearance but also
in face appearance. Handling such great changes with our models has limitation.
This is because we generate a contour model and inner models of human-head
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Fig. 11. Examples of detected human heads

appearances from only one ellipsoid. On the other hand, we see that face images
from the orientation with 180°, back images of human heads, are recognized
stably and accurately independent of the change in angle of depression. This is
due to stableness of the Gabor-Wavelets filter in face-feature detection.

B. Evaluation in the Real Situation

Secondly, we evaluated the performance of our method in the real situation and
found the robustness and the efficiency of our method.

We set up a camera with 1.8m height and with about 0° angle of depression.
We generated the situation in which under changing lighting conditions one
person walks around in front of the camera with distance between about 2m and
4m for 20 seconds. 200 images were captured during the time. To the captured
images, we applied our method to detect human-head appearances and face
orientations.

Figure 11 shows examples of the captured images with frame numbers. The
ellipses detected as a human-head appearance are superimposed on the frames.
Colors of the ellipses denote face orientations.

We verified that human-head appearances are detected almost correctly and
accurately in all the images in spite of changes in illumination. To see the per-
formance of our method, we evaluated the accuracy of the detected human-head
appearances. We first fitted an ellipse onto the head appearance in each image
by hand to obtain the true ellipse as the reference. We introduced two kinds
of evaluation to the ellipse that was recognized as the human-head appearance:
one is the accuracy of the center and the other is the accuracy of the semiminor
length. We computed the distance (the position error) between the center of the
detected ellipse and that of the true ellipse. We also computed the ratio (the size
error) of the semiminor length of the detected ellipse to that of the true ellipse.
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Table 2. Errors in detecting the human head

error || [our method |simple evaluation|
mean [pixels| 3.250 6.401
position|{standard deviation [pixels] 1.950 4.386
mean 0.0762 0.0617

size ||standard deviation 0.04489 0.04877

These results are shown in Figs.12 and 13. We remark that the same evaluation
was applied to the method (called the simple-evaluation method (cf. [1, 16]))
where the ellipse is evaluated only by (2.5), i.e., the gradient magnitude of in-
tensity at the ellipse perimeter. For the position error and the difference of the
size error from 1.0, the average and standard deviation over the image sequence
were calculated, which is shown in Table 2.

Figures 12,13 and Table 2 show the effectiveness of our method. Superiority
of our method to the simple-evaluation method indicates that introducing the
smaller- and larger-size ellipses to ellipse evaluation improves the accuracy in
detecting the positions of human-head appearances.

6 Conclusion

We proposed a two-step method for detecting human heads and estimating face
orientations by a monocular camera under the dynamic environment. In the
both steps, we employ models of the human-head contour and face orientations
to enhance robustness and stableness in detection. We also introduced model
evaluation with only image-features robust against lighting conditions.

The first step employs an ellipse as the contour model of human-head ap-
pearances to deal with wide variety of appearances. The ellipse was constructed
from one ellipsoid based on a camera position with its angle of depression in the
environment. We then evaluated the ellipse over a given image to detect possible
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human-head appearances where we generated two other ellipses inside and out-
side of'the ellipse to improve accuracy in detection of human-head appearances.

The second step, on the other hand, focuses on facial components such as
eyes, the mouth or cheeks to construct inner models for face-orientation estima-
tion. We evaluated not only such components themselves but also their geomet-
ric configuration to eliminate false positives in the first step and, at the same
time, to estimate face orientations. Here we used the Gabor-Wavelets filter in
detecting features representing the facial components because its robustness and
stableness against changes in scale, orientation and illumination are verified.

Consequently, our method can correctly and stably detect human heads and
estimate face orientations even under changes in face orientation and in illu-
mination. Our intensive experiments showed the effectiveness of the proposed
method. Incorporating wider variety of face orientations into our method is left
for future work.
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Abstract. In this paper, we address the analysis of human actions by
comparing different performances of the same action, i.e. walking. To
achieve this goal, we define a proper human body model which max-
imizes the differences between human postures and, moreover, reflects
the anatomical structure of the human beings. Subsequently, a human
action space, called aSpace, is built in order to represent a performance,
i.e., a predefined sequence of postures, as a parametric manifold. The
final human action representation is called p—action, which is based on
the most characteristic human body postures found during several walk-
ing performances. These postures are found automatically by means of
a predefined distance function, and they are called key-frames. By using
key-frames, we synchronize any performance with respect to the action
model. Furthermore, by considering an arc length parameterization, in-
dependence from the speed at which performances are played is attained.
Consequently, the style of human walking can be successfully analysed
by establishing differences between a male and a female walkers.

1 Introduction

Computational models of action style are relevant to several important applica-
tion areas [4]. On the one hand, it helps to enhance the qualitative description
provided by a human action recognition module. Thus, for example, it is impor-
tant to generate style descriptions which best characterize an specific agent for
identification purposes. Also, the style of a performance can help to establish
ergonomic evaluation and athletic training procedures. Another application do-
main is to enhance the human action library by training different action models
for different action styles, using the data acquired from a motion capture sys-
tem. Thus, it should be possible to re-synthesize human performances exhibiting
different postures.

In the literature, the most studied human action is walking. Human walking
is a complex, structured, and constrained action, which involves to maintain

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 177-188, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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(b)

Fig. 1. Procedure for data acquisition. Figs. (a) and (b) shows the agent with the 19
markers on the joints and other characteristic points of its body

the balance of the human body while transporting the figure from one place
to another. The most exploited characteristic is the cyclic nature of walking,
because it provides uniformity to the observed performance. In this section,
we propose to use our human action model in the study of the style inherent
in human walking performances, such as the gender, the walking pace, or the
effects of carrying load, for example.

In this paper, we show how to use the aSpace representation developed in [5, 6]
to establish a characterization of the walking style in terms of the gender of the
walker. The resulting characterization will consist of a description of the vari-
ation of specific limb angles during several performances played by agents of
different gender. The aim is to compare human performances to derive concep-
tual differences between male and female walkers.

2 Defining the Training Samples

Motion capture is the process of recording live movement and translating it
into usable mathematical terms by tracking a number of key points or re-
gions/segments in space over time and combining them to obtain a 3-D rep-
resentation of the performance [9].

In our experiments, an optical system was used to provide real training data
to our algorithms. The system is based on six synchronized video cameras to
record images, which incorporates all the elements and equipment necessary for
the automatic control of cameras and lights during the capture process. It also
includes an advanced software pack for the reconstruction of movements and the
effective treatment of occlusions.

Consequently, the subject first placed a set of 19 reflective markers on the
joints and other characteristic points of the body, see Fig. 1.(a) and (b). These
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Fig. 2. (a) Generic human body model represented using a stick figure similar to [3],
here composed of twelve limbs and fifteen joints. (b) Hierarchy of the joints of the
human body model. Once the 3-D position of these joints are obtained from a motion
capture system, the human body representation is built conforming to this hierarchy

markers are small round pieces of plastic covered in reflective material. Subse-
quently, the agent is placed in a controlled environment (i.e., controlled illumi-
nation and reflective noise), where the capture will be carried out. As a result,
the accurate 3-D positions of the markers are obtained for each recorded frame,
30 frames per second.

An action will be represented as a sequence of postures, so a proper body
model is required. In our experiments, not all the 19 markers are considered to
model human actions. In fact, we only process those markers which correspond
to the joints of a predefined human body model. The body model considered is
composed of twelve rigid body parts (hip, torso, shoulder, neck, two thighs, two
legs, two arms and two forearms) and fifteen joints, see Fig. 2.(a). These joints
are structured in a hierarchical manner, where the root is located at the hip, see
Fig. 2.(b).

We represent the human body by describing the elevation and orientation of
each limb using three different angles which are more natural to be used for limb
movement description [1]. We consider the 3-D polar space coordinate system
which describes the orientation of a limb in terms of its latitude and longitude.
As a result, the twelve independently moving limbs in the 3-D polar space have
a total of twenty-four rotational DOFs which correspond to thirty-six absolute
angles (w.r.t. the world coordinate system).

So we compute the 3-D polar angles of a limb (i.e., elevation ¢;, latitude 6;,
and longitude ;) as:
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o = tan™! Yi — Yj
\/(z, —z;) + (5 — %)
§; = tan™! Ti — % s
\/(yi - yj)2 + (2 — ;)
¥, = tan™! 54 : (1)

\/($i - z;)" + (i —y5)°

where denominators are also prevented to be equal to zero. Using this descrip-
tion, angle values lie between the range of [—%, %], and the angle discontinuity
problem is avoided.

Note that human actions are constrained movement patterns which involve to
move the limbs of the body in a particular manner. That means, there is a rela-
tionship between the movement of different limbs while performing an action. In
order to incorporate this relationship into the human action representation, we
consider the hierarchy of Fig. 2.(b) in order to describe each limb with respect
to its parent. That means, the relative angles between two adjacent limbs are
next computed using the absolute angles of Eq. (1). Consequently, by describing
the the human body using the relative angles of the limbs, we actually model
the body as a hierarchical and articulated figure.

As aresult, the model ofthe human body consists of thirty-six relative angles:

As:((bi; 171/)1a¢/2, /2,1/)5,---,¢/127 ;,2’1/)12)7‘- (2)

Using this definition, we measure the relative motion of the human body. In
order to measure the global motion of the agent within the scene, the variation
of the height of the hip u, over time is included in the model definition:

Xsg = (us, AS)T' (3)

Therefore, our training data set is composed of » sequences A = {H;, Ha,
..., H, }, each one corresponding to a cycle or stride of the aWalk action A. Three
males and three females were recorded, each one walking five times in circles.
Fach sequence H; corresponds to f; human body configurations:

H; = {x1,%X2,.., Xy, }, (4)

where each x; of dimensionality n x 1 stands for the 37 values of the human body
model described previously. Consequently, our human performance analysis is
restricted to be applied to the variation of these twelve limbs.
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Fig. 3. The three most important modes of variation of the aWalk aSpace

3 The aWalk aSpace

Once the learning samples are available, we compute the aSpace representation
of the aWalk action, as detailed in [5]. So, we define the complete set of acquired
human postures as:

A={X1,X2,..-,Xf}, (5)
where f refers to the overall number of training postures for this action:
F=> 1 (6)
1=1

The mean human posture X and the covariance matrix X~ of A are calculated.
Subsequently, the eigenvalues A; and eigenvectors e; of X' are found by solving
the eigenvector decomposition equation.

We preserve major linear correlations by considering the eigenvectors corre-
sponding to the largest eigenvalues. Fig. 3 shows the three eigenvectors associated
to the three largest eigenvalues, which correspond to the most relevant modes
of change of the human posture in the aWalk aSpace. As expected, these modes
of variation are mainly related to the movement of legs and arms.

So, by selecting the first m eigenvectors, {ei, ez, ..., e, }, we determine the
most important modes of variation of human body during the aWalk action. The
value for m is commonly determined by eigenvalue thresholding. Consider the
overall variance of the training samples, computed as the sum of the eigenvalues:

Ar = i)\k' (7)
k=1

If we need to guarantee that the first m eigenvectors actually model, for
example, 95% of the overall variance of the samples, we choose m so that:
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m
A
L=t M > 0.95. (8)
AT
The individual contribution of each eigenvector determines that 95% of the
variation of the training data is captured by the thirteen eigenvectors associated
to the thirteen largest eigenvalues. So the resulting aWalk aSpace is defined as:

Q= (E,A,X). 9)

4 Parametric Action Representation: The p—action

Using the aWalk aSpace, each performance is represented as a set of points, each
point corresponding to the projection of a learning human posture x;:

Vi = [e1, ., em]” (X — X). (10)

Thus, we obtain a set of discrete points y; in the action space that represents
the action class £2. By projecting the set of human postures of an aWalk perfor-
mance H;, we obtain a cloud of points wich corresponds to the projections of
the postures exhibited during such a performance.

We consider the projections of each performance as the control values for
an interpolating curve g;(p), which is computed using a standard cubic-spline
interpolation algorithm [10]. The parameter p refers to the temporal variation of
the posture, which is normalized for each performance, that is, p € [0,1]. Thus,
by varying p, we actually move along the manifold.

This process is repeated for each performance of the learning set, thus ob-
taining r manifolds:

gj(p)a pE [01 1]7.] =1,.,m (11)

Afterwards, the mean manifold g(p) is obtained by interpolating between
these means for each index p. This performance representation is not influenced
by its duration, expressed in seconds or number of frames. Unfortunately, this
resulting parametric manifold is influenced by the fact that any subject performs
an action in the way he or she is used to. That is to say, the extreme variability
of human posture configurations recorded during different performances of the
aWalk action affects the mean calculation for each index p. As a result, the
manifold may comprise abrupt changes of direction.

A similar problem can be found in the computer animation domain, where
the goal is to generate virtual figures exhibiting smooth and realistic movement.
Commonly, animators define and draw a set of specific frames, called key frames
or extremes, which assist the task of drawing the intermediate frames of the
animated sequence.

Likewise, our goal consists in the extraction of the most characteristic body
posture configurations which will correspond to the set of key-frames for that
action. From a probabilistic point of view, we define characteristic postures as
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Fig. 4. Distance measure after pose ordering applied to the points of the mean mani-
fold in the aWalk aSpace. Maxima (i.e., the key-frames) also correspond to important
changes of direction of the manifold

the least likely body postures exhibited during the action performances. As the
aSpace is built based on PCA, such a space can also be used to compute the
action class conditional density P(x;|024).

We assume that the Mahalanobis distance is a sufficient statistic for charac-
terizing the likelihood:

d(x;) = (x; - %)T Z(x; — X). (12)

So, once the mean manifold g(p) is established, we compute the likelihood
values for the sequence of pose-ordered projections that lie in such a manifold [2,
8]. That is, we apply Eq. (12) for each component of the manifold g(p). Local
maxima of this function correspond to locally maximal distances or, in other
words, to the least likely samples, see Fig. 4.

Since each maximum of the distance function corresponds to a key-frame k;,
the number of key-frames & is determined by the number of maxima. Thus, we
obtain the set of time-ordered key-frames for the a Walk action:

K= {kl,kz, ...,kk}, k; € g(p). (13)

Once the key-frame set K is found, the final human action model is repre-
sented as a parametric manifold f(p), called p-action, which is built by interpo-
lation between the peaks of the distance function defined in Eq. (12). We refer
the reader to [5] for additional details.
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Fig. 5. Prototypical performance manifold, or p~action, in the aWalk aSpace. Depicted
human postures correspond to the key-frame set

Fig. 5 shows the aWalk p-action, and the depicted postures correspond to
the key-frame set. To conclude, the aWalk action model is defined as:

I = (Q,K,f). (14)

5 Human Performance Comparison

In order to compare performances played by male and female agents, we define
two different training sets:

HWM = {Xl,XZ, ...,XfM},
HWF = {xliXZ""’fo}i (15)

that is, the set human postures exhibited during several aWalk performances
for a male and a female agent, respectively. In our experiments, near 50 aWalk
cycles per walker have been recorded. As a result, the training data is composed
of near 1500 human posture configurations per agent.

Next, we project the human postures of HY* and HY7 in the aWalk aSpace,
as shown in Fig. 6. The cyclic nature of the a Walk action explains the resulting
circular clouds of projections. Also, note that both performances do not intersect,
that is, they do not exhibit the same set of human postures. This is due to the
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Fig.6. Male and female postures projected in the aWalk aSpace, by considering two
(a) and three (b) eigenvectors for the aSpace representation

high variability inherent in human performances. Consequently, we can identify
a posture as belonging to a male or female walker.

However, the scope of this paper is not centered on determining a discrim-
inative procedure between generic male and female walkers. Instead, we look
for a comparison procedure to subsequently evaluate the variation of the an-
gles of specific agents while performing the same action, in order to derive a
characterization of the action style.

Following the procedure described in the last section, we use the projections
of each walker to compute the performance representation for the male T
and female T™* agents:

IWu = (Q KM fWn),

e = (@, K"F,£77), (16)
where £W» and fWF refer to the male and female p-actions, respectively. These
manifolds have been obtained by interpolation between the key-frames of their

respective key-frame set, i.e., K™ and K"¥. Fig. 7 shows the resulting p—action
representations in the aWalk aSpace.

6 Arc Length Parameterization of p—actions

In order to compare the human posture variation for both performances, we
sample both p-actions to describe each manifold as a sequence of projections:

f7M(p) = [y7™,y5™, ..yl |,

fYP ()= yI'"y8 e YO |, (17)
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Fig. 7. Male and female performance representations in the aWalk aSpace

where gps and gr refer to the number of projections considered for performance
comparison. However, the sampling rate of both p-actions should be established
in order to attain independence from the speed at which both performances have
been played. Thus, synchronization of recorded performances is compulsory to
allow comparison.

Speed control is achieved by considering the distance along a curve of inter-
polation or, in other words, by establishing a reparameterization of the curve by
arc length [7]. Thus, once the aWalk p—action is parameterized by arc length, it
is possible to control the speed at which the manifold is traversed.

Subsequently, the key-frames will be exploited for synchronization: the idea
of synchronization arises from the assumption that any performance of a given
action should present the key-frames of such an action. Therefore, the key-frame
set is considered as the reference postures in order to adjust or synchronize
any new performance to our action model. Subsequently, by considering the arc
length parameterization, the aim is to sample the new performance and the
p-action so that the key-frames are equally spaced in both manifolds.

Therefore, both p-actions are parameterized by arc length and, subsequently,
the synchronization procedure described in [6] is applied: once the key-frames
establish the correspondences for f%» and fWF, we modify the rate at which
the male and female p—actions are sampled, so that their key-frames coincide in
time with the key-frames of the aWalk p—action.

As a result of synchronization, differences between a performance and the
prototypical action can be derived by analyzing the resulting angle variation
curves. Such differences can be associated with natural language terms related
to speed, naturalness, or suddenness, for example. These terms can be used to
enhance the description of a recognized action.



Analysis of Human Walking Based on aSpaces 187

& — hale
+ Famale
&5
i F
H 5 4
£ =
i "f\.
3" ¢ b ¥ "
. ags® " s ] %
35 4 7
P ", -
B it . P n e S L " PR
[1] W ¥ ¥ & N B0 W W0 0 W o W oW XN &4 H 0 W N L0 W
posa p pose p
(a)
0 v . +
5
5 — il
«_ Famale 4
0 Pl 3
B & %2
R ra - g
g 5 E 1
£ & H
o} ]
8 P i
."" y
-
5 S " 2 . I’y
ese 3 S
| e Y e i o : i i i
W » ¥ 4 SN &£ NV 0 20 W W W X 0 ¥ 0 W N W W
pase p potap
(c) (d)

Fig. 8. The elevation variation for the shoulder (a), torso (b), left arm (c¢), and right
thigh (d) limbs are depicted for a male and a female walker

7 Experimental Results

Once the male and female p-actions are synchronized, the angle variation for
different limbs of the human body model can be analysed. Fig. 8.(a), (b), (c),
and (d) show the evolution of the elevation angle for four limbs of the human
body model, namely the shoulder, torso, left arm, and right thigh, respectively.

By comparing the depicted angle variation values of both walkers, several
differences can be observed. The female walker moves her shoulder in a higher
degree than the male shoulder. That is, the swing movement of the shoulder is
more accentuated for the female. Also, the female bends the torso in a higher
inclination degree. Therefore, the swing movement of the shoulder and torso for
the male agent is less pronounced. The female walker also exhibits an emphasized
swing movement in her left arm. On the contrary, the male agent does not show
a relevant swing movement for his left arm. As expected, when the left arm swings
backward, the right thigh swings forward, and vice versa. When comparing the
angle variation of the right thigh for both walkers, few dissimilarities can be
derived. In fact, most differences between the male and the female performances
have been found in the elevation values of the limbs corresponding to the upper
part of the human body.
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8 Conclusions

Summarizing, a comparison framework has been presented which allows to eval-
uate the variation of the angles of specific human body limbs for different agents
while performing the same action. This analysis of human actions helps to de-
termine those human body model parameters which best characterize an specific
action style. Consequently, a suitable characterization of the action style can be
built by analyzing the resulting angle values.

Using the characterization about action styles, human action recognition pro-
cedures can be enhanced by deriving style attributes about recognized perfor-
mances. Also, we can enhance human action synthesis procedures by incorporat-
ing restrictions about a predefined action style, which the virtual agent should
obey while reproducing the requested action.
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Abstract. In this paper new results are presented for tracking com-
plex multi-body objects. The theoretical framework is based on robotics
techniques and uses an a-priori model of the object including a gen-
eral mechanical link description. A new kinematic-set formulation takes
into account that articulated degrees of freedom are directly observable
from the camera and therefore their estimation does not need to pass via
a kinematic-chain back to the root. By doing this the tracking techniques
are efficient and precise leading to real-time performance and accurate
measurements. The system is locally based upon an accurate modeling
of a distance criteria. A general method is given for defining any type
of mechanical link and experimental results show prismatic, rotational
and helical type links. A statistical M-estimation technique is applied to
improve robustness. A monocular camera system was used as a real-time
sensor to verify the theory.

1 Introduction

Previously, non-rigid motion has been classed into three categories describing
different levels of constraints on the movement of a body: articulated, elastic
and fluid [1]. In this paper the first class of non-rigid motion is considered and
a link is made with the remaining classes. An “articulated” object is defined as
a multi-body system composed of at least two rigid components and at most six
independent degrees of freedom between any two components. With articulated
motion, a non-rigid but constrained dependence exists between the components
of an object. Previous methods have attempted to describe articulated motion
either with or without an a-priori model of the object. In this study a 3D model
is used due to greater robustness and efficient computation. Knowing the object
in advance helps to predict hidden movement, which is particularly interesting
in the case of non-rigid motion because there is an increased amount of self-
occlusion. Knowing the model also allows an analytic relation for the system
dynamics to be more precisely derived.

State of the Art In general, the methods which have been proposed in the past
for articulated object tracking rely on a good rigid tracking method. In computer
vision the geometric primitives considered for tracking have been numerous,

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 189201, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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however, amongst them distance based features have shown to be efficient and
robust [2, 3, 4, 5]. Another important issue is the 2D-3D registration problem.
Purely geometric (eg, [6]), or numerical and iterative [7] approaches may be con-
sidered. Linear approaches use a least-squares method to estimate the pose and
are considered to be more suitable for initialization procedures. Full-scale non-
linear optimization techniques (e.g., [2, 8, 3, 5]) consists of minimizing the error
between the observation and the forward-projection of the model. In this case,
minimization is handled using numerical iterative algorithms such as Newton-
Raphson or Levenberg-Marquardt. The main advantage of these approaches are
their accuracy. The main drawback is that they may be subject to local minima
and, worse, divergence. This approach is better suited to maintaining an already
initialized estimation.

Within this context it is possible to envisage different ways to model the
pose of an articulated object. The first method for tracking articulated objects
using kinematic chains (see Figure 1) appears in well known work by Lowe [9].
He demonstrates a classical method using partial derivatives. In his paper the
kinematic chain of articulations is represented as tree structure of internal rota-
tion and translation parameters and the model points are stored in the leaves of
this tree.The position and partial derivatives of each point in camera-centered
coordinates is determined by the transformations along the path back to the
root.

Recently, more complex features have been used for non-rigid object track-
ing in [10]. They make use of deformable super-quadric models combined with
a kinematic chain approach. However, real-time performance is traded-off for
more complex models. Furthermore, this method requires multiple viewpoints
in order to minimize the system of equations. As Lowe points out, the tenden-
cies in computer graphics have been toward local approximations via polyhedral
models. Ruff and Horaud [11] give another kinematic-chain style method for
the estimation of articulated motion with an un-calibrated stereo rig. They in-
troduce the notion of projective kinematics which allows rigid and articulated
motions to be represented within the transformation group of projective space.
The authors link the inherent projective motions to the Lie-group structure of
the displacement group. The minimization is determined in projective space and
is therefore invariant to camera calibration parameters.

A second approach has been proposed by Drummond and Cippola [3] which
treats articulated objects as groups of rigid components with constraints between
them directly in camera coordinates (see Figure 2). It appears that the full
pose of each rigid component is initially computed independently requiring the
estimation of a redundant number of parameters. Lagrange multipliers are then
used to constrain these parameters according to simple link definitions. This
method uses Lie Algebra to project the measurement vector (distances) onto
the subspace defined by the Euclidean transformation group (kinematic screw).
They also implement M-estimation to improve robustness.
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the object is calculated directly. Constraints between the components are enforced via
Lagrange multipliers

Contribution A new model is proposed in this paper which is based on the
observation that within a vision system one has direct access with a camera
to the parameters of an articulated object. Thus, unlike traditional techniques
using robotics based approaches, there is no need to sum partial derivatives along
a kinematic chain back to the root. As will be shown, the joint reference frame
plays an important role in modeling articulated objects. The method presented
in this paper also integrates a mechanical link formulation for simple definition
of articulations.

It is important to correctly model the behavior of the system to obtain max-
imum decoupling of joint parameters and therefore interesting minimization
properties. In this paper a kinematic set approach is proposed. With articu-
lated motion, unlike the case of rigid motion, the subsets of movement which
may be attributed to either the object or camera are not unique. A novel subset
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approach is used whereby the minimization is carried out on decoupled subsets
of parameters by defining subspace projectors from the joint definitions. This
allows the error seen in the image to be partially decoupled from the velocities
of the object by determining the independent sets of velocities present in object
space. The principal advantages of this approach are that it:

e is more efficient in terms of computation than previous methods.

o climinates the propagation of errors between free parameters.

e models more closely the real behavior of the system than a camera frame
based approach.

In the remainder of this paper, Section 2 presents the principle of the ap-
proach. In Section 3 articulated object motion and velocity are defined. In Sec-
tion 4 a non-linear control law is derived for tracking articulated objects. In
Section 5, several experimental results are given for different virtual links.

2 Overview and Motivations

The objective of the proposed approach is to maintain an estimate of a set
of minimal parameters describing the configuration of an articulated object in
SE(n). This set of parameters are defined by a vector of n parameters q € R™.
This vector is composed of subsets which fully describe the velocity of each
component.

In order to maintain an estimate of ¢, the underlying idea is to minimize
a non-linear system of equations so that the projected contour of the object
model in the image is aligned with the actual position of the contours in the im-
age. This can be seen as the dual problem of visual servoing whereby minimizing
the parameters corresponds to moving an arm-to-eye robot so as to observe the
arm at a given position in the image (note that an object is not necessarily
fixed to the ground). This duality, known as Virtual Visual Servoing has been
explained in depth in previous papers [5, 12].

To perform the alignment, an error A is defined in the image between the
projected features s(q) of the model and their corresponding features in the
image sq (desired features). The features of each component are projected using
their associated camera poses °rz, {(q) and °r £, (q) where each component’s cam-
era pose is composed of a subset of object parameters . In this paper distance
features are used. This error is therefore defined as:

A= (S(Q) - Sd) = [Pr(q,o S) - Sd} (1)

where °S are the 3D coordinates of the sensor features in the object frame
of reference. pr(q,°S) is the camera projection model according to the object
parameters q.

The parameters of the object are initially needed and they are computed us-
ing the algorithm of Dementhon and Davis [7]. This algorithm is used to calculate
the component’s poses in the camera frame and they are calculated separately.
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The parameters are projected into object space and variables in common between
the components are averaged so that initialization errors are minimal.

In order to render the minimization of these errors more robust they are
minimized using a robust approach based on M-estimation techniques.

Ap = p(S(q) - Sd), (2)

where p(u) is a robust function [13] that grows sub-quadratically and is mono-
tonically nondecreasing with increasing |u|. In this article Tukey’s function is
used because it allows complete rejection of outliers.

This is integrated into an iteratively re-weighted least squares (IRLS) mini-
mization procedure so as to render those errors at the extremities of the distri-
bution less likely.

3 Modeling

Articulated motion is defined as Euclidean transformations which preserve sub-
sets of distances and orientation of object features.

The modeling of object motion is based on rigid body differential geometry.
The set of rigid-body positions and orientations belongs to a Lie group, SE(3)
(Special Euclidean group). These vectors are known as screws. The tangent space
is the vector space of all velocities and belongs to the Lie algebra, se(3). This is
the algebra of twists which is also inherent in the study of non-rigid motion. An
articulated object, for example, must have a velocity contained in se(3), however,
joint movement can be considered by sub-algebras of se(3).

The basic relation can be written which relates the movement of a sensor
feature $to the movement of the object parameters:

$ =LsAq (3)

where

o L is called the feature Jacobian [14] or interaction matrix [15] between the
camera and the sensor features s.

e A is an Articulation matrix describing the differential relation between com-
ponents.

e LA being the Jacobian between the sensor and the entire object.

The Articulation matrix is the central issue in this paper. It corresponds to

the mapping:

v=Ag4 @
where v is a vector of ‘stacked’ 6 dimensional twists each corresponding to the
full motion in se(3) of each component.

The subsets of parameters which make up the object parameters are illus-
trated by a Venn diagram in Figure 3. In order that these sets can be obtained
independently it is necessary to decouple their interaction. The only case where
this occurs is in the joint frame of reference. Thus the following section considers
the definition of a joint.
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Fig. 3. Kinematic set method: The joint parameters are minimized in object space and
kinematic set are used to decouple the system. Decoupling occurs at the intersection
of parameter sets

3.1 Mechanical Joint Concept

A mechanical joint is fully defined by a matrix, vector pair which links two
components. It is composed of a constraint matrix S+ which defines the type of
the link and a pose vector r defining the position of the articulation. Thus the
articulation matrix is:

A (SlJ_v rl)v (5)

where S corresponds to the configuration ofjoint  and r is a parameter vector
describing the location ofjoint .
The following two subsections explain the definition of these parameters.

3.2 Joint Configuration — S;
A joint configuration is fully defined by:

1
81,1 S1c
1 .
S+ = : . H (6)
1
88,1 S6.c

The holonomic constraint matrix, S+, is defined such that each column vector
defines one free degree of freedom at the corresponding link. The number of
non-zero columns of St is referred to as the class c of the link. The rows of
a column define the type ofthe link by defining which combination oftranslations
and rotations are permitted as well as their proportions. In the experiments
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considered in Section 5 two different types of class 1 links are considered:
A rotational link around the x axis:

SJ- = (0,07 0, 1)070)1 (7)
A helical link around and along the z axis:
St =(0,0,4,0,0,1), (®)

where the value of ’a’ relates the translation along the z axis to a one rotation
around the z axis.

The set of velocities that a first component can undertake which leaves a sec-
ond component invariant is defined by S C se(3). This is the orthogonal com-
pliment of the sub-space S C se(3) which constitutes the velocities which are in
common between two components. Since a component, that is linked to another,
is composed of these two subspaces it is possible to extract these subspaces by
defining standard bases for the kernel and the image. The kernel is chosen to be
S+ so that the image is given by (with abuse of notation):

S, = Ker((S{)T), (9)

The matrix S; and its orthogonal compliment Si- can be used to project
the kinematic twist (velocities) onto two orthogonal subspaces (For more than
1 joint it is necessary to project onto a common vector basis).

Thus a subspace projection matrix is given as:

P, =S;S],
P} = S48+ = I — Py, (10)
where S* = (STS)~187 is the pseudo-inverse of S.

This ensures that the resulting projected velocities are defined according to
a common basis defined by the parameters of the pose vector in equation (6).
This then allows the twist transformations, given in the following section, to be
applied to these quantities.

3.3 Joint Location — r;

A joint location is fully defined by a pose vector:
ry :]:Crl = (t:ratyatzae:caay?ez)a (11)

where F, indicates the camera frame and [ represents the joint frame.

A joint configuration is only valid in the joint reference frame. A kinematic
twist transformation matrix is used to obtain the velocity of the joint frame
w.r.t its previous position. The Lie algebra provides the transformation of vector
quantities as V(r). This is a kinematic twist transformation from frame a to
frame b given as:

(12)

aR [a.t ]a R
axr. _ b |“te]%x Ro
Vb - [ 03 a,Rb :] ?
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where *Ry is a rotation matrix between frames and %t, a translation vector
between frames which are obtained from ®ry. [t]; is the skew symmetric matrix
related to t.

The projector defined in (10) is applied in the joint reference frame. It is
possible to choose the object frame as a common reference frame as in [16]. In
this paper the camera frame is chosen as the common reference frame so that
a generic subspace projection operators J; and J;- can be defined as:

J, =Im(°V, P, 'V,), (13)
Jit = Ker(J) = Im(°V; P} 'V,),

where Im represents the Image operator which reduces the column space to its
mutually independent basis form. The first transformation V maps the velocities
to the joint frame ! and the second re-maps back to the camera reference frame.

3.4 Articulation Matrix

Using the previous joint definition is is possible to define the Articulation matrix
according to equation (4) and taking into account the joint subspaces given by
equation (13).
The derivation of the Articulation matrix corresponds to:
ary
d9q
a=| |, (14)
ory,
oq
where m is the number of components.
For an object with two components and one jointand using the orthogonal
subspace projectors given in equation (13), A is given by:

o, ory J1JL 0
A=| G %n o 2( bl .L)v (15)
(Eﬁi— 0 -52122- Jl 0 ']1

where qn, 41, gz are vectors representing the sets of intersecting velocities and
each components free parameters respectively. These sets are easily identified
when referring to Figure 3. Given dim(J;) = 6 — ¢ and dim(Ji) = c, the
mapping A is indeed dimension 12 x (6 4 ¢), remembering that ¢ is the class of
the link. The derivation of objects with more than one joint follows in a similar
manner and is left to the reader.

It is important to note that this method introduces decoupling of the min-
imization problem. This is apparent in equation (15) where extra zeros appear
in the Jacobian compared to the traditional case of a kinematic chain. Indeed,
in the particular case of two components and one articulation a kinematic chain
has only one zero.
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4 Registration

In this section a new tracking control law is derived. The aim of the control
scheme is to minimize the objective function given in equation (2). Thus, the
error function is given as:

e $1(q) — sax
: | =D : : (16)

€m $m(q) — Sdm

where q is a vector composed of the minimal set of velocities corresponding to
the object’s motion and each e; corresponds to an error vector for component ¢.
D is a diagonal weighting matrix corresponding to the likelihood of a particular
error within the robust distribution:

D; O
D: 3
0 D,,

where each matrix D; is a diagonal matrix corresponding to a component which
has weights w; along the diagonal. These weights correspond to the uncertainty
of the measured visual feature j. The computation of the weights are described
in [5].

If D were constant, the derivative of equation (16) would be given by:

: dey 9s; 9ry
5 Os1 Or1 Oq

lé a o 4 (17)
~ S T
€i e B Ba

= DL.AG

where ¢ is the minimal velocity vector, A is the articulation matrix describing
the mapping in equation (4) and Lg is the ‘stacked’ interaction matrix as in
equation (3) given as:

g_f-i le 06
L = : = , (18)
%f.ﬁ‘ 06 LSm

If an exponential decrease of the error e is specified:
e = —Je, (19)

where X is a positive scalar, the following control law is obtained by combining
equation (19) and equation (17):

q=-\DL,A)*D(s(q) - sa), (20)
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where Ly is a model or an approximation of the real matrix Ls. D a chosen
model for D and A depends on the previous pose estimation.

For the example of one joint given in equation (15), the sets of velocities to
be estimated are:

q_—_ (qﬁ»qth)v (21)
Once these velocities are obtained they can be related back to the camera
frame as in equation (4):

c (iﬂ
<CV1) Al (22)

q2

5 Results

In this section three experiments are presented for tracking of articulated objects
in real sequences. Both camera and object motion as well as articulated motion
have been introduced into each experiment. The complex task of implementing
this algorithm was a major part of the work. Indeed this required correct mod-
eling of features of type distance to lines, correct modeling of feature sets and
correct implementation of the interaction between these feature sets represented
as a graph of feature sets.

The rigid tracking method used here is based on a monocular vision system.
Local tracking is performed via a 1D oriented gradient search to the normal of
parametric contours at a specified sampling distance. This 1D search provides
real-time performance. Local tracking provides a redundant group of distance
to contour based features which are used together in order to calculate the
global pose of the object. The use of redundant measures allows the elimina-
tion of noise and leads to high estimation precision. These local measures form
an objective function which is minimized via a non-linear minimization proce-
dure using virtual visual servoing(VVS) [5]. These previous results demonstrate
a general method for deriving interaction matrices for any type of distance to
contour and also show the robustness of this approach with respect to occlusion
and background clutter.

The basic implementation of the algorithm gives the following pseudo-code:

Obtain initial pose.

Acquire new image and project the model onto the image.

Search for corresponding points normal to the projected contours.
Determine the error e in the image.

Calculate (DHA).

Determine set velocities as in equation (20) and then component positions.
Repeat to 4 until the error converges.

Update the pose parameters and repeat to 3.

P NN B~
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Fig. 4. Helical movement of a screw whilst the screw and the platform are simul-
taneously in movement.In this and all the following figures the reference frames for
each component are shown as well as a projection of the CAD model onto the image.
The axes of the frames are drawn in yellow, blue and red. The contour of the object is
shown in blue. The points found to the normal of the contour are in red and the points
rejected by the M-estimator are shown in green

5.1 Helical Link

This first experiment, reported in Figure 4 was carried out for class one link with
helical movement simultaneously along and around the z axis. The constraint
vector was defined as in equation (8) and the object frame was chosen to coincide
with the joint frame. Note that the constraint vector was defined by taking into
consideration that for 10 x 27 rotations of the screw it translated 4.5cm along
the z axis.

Tracking of'this object displayed real time efficiency with the main loop com-
putation taking on average 25ms per image. It should be noted that tracking
of the screw alone as a rigid object fails completely due to the limited contour
information and difficult self occulsions. When tracked simultaneously with the
plate as an articulated object the tracking of the screw is also based on the mea-
surements of the plate making the tracking possible. M-estimation was carried
out separately for each component.

5.2 Robotic Arm

A recent experiment was carried out for two class one links on a robotic arm.
The articulations tracked were rotational links around the z and z axes. The
constraint vectors were each defined by a pose and a constraint matrix as given
in equation (7). Note that the constraints are no longer defined in the same
coordinate system as in the previous case. This sequence also displays real time
efficiency with the tracking computation taking on average 25ms per image. It
should be noted that the features used on the components of the arm are not full
rank and do not hold enough information to calculate their pose individually.
As in the previous experiment, the articulated tracker overcomes this situation.
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Fig. 5. Movement of a robotic arm with two degrees of freedom

6 Conclusion

The method presented here demonstrates an efficient approach to tracking com-
plex articulated objects. A framework is given for defining any type of mechanical
link between components of a object. A method for object-based tracking has
been derived and implemented. Furthermore, a kinematic set formulation for
tracking articulated objects has been described. It has been shown that it is
possible to decouple the interaction between articulated components using this
approach. Subsequent computational efficiency and visual precision have been
demonstrated.

In perspective, automatic initialization methods could be considered using
partially exhaustive RANSAC [17] based techniques. A better initial estimate
could also be obtained using a kinematic chain formulation.
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Abstract. This paper presents a 2D model-based Path Relinking Particle Filter
(PRPF) algorithm for human motion tracking and analysis applications. PRPF
algorithm hybridizes both Particle Filter and Path Relinking frameworks. The
proposed algorithm increases the performance of general Particle Filter by
improving the quality of the estimate, by adapting computational load to
problem constraints and by reducing the number of required evaluations of the
weighting function. A 2D human body model was used to develop tracking with
PRPF. This model consists of a simple hierarchical set of articulated limbs,
which is described by geometrical parameters. It is easily adaptable to the
tracking application requirements. We have applied the PRPF algorithm to 2D
human pose estimation in different movement tracking activities such as
walking and jumping. Qualitative experimental results show that the model-
based PRPF is appropriate in 2D human pose estimation studies.

1 Introduction

Automatic visual analysis of human motion is an active research topic in Computer
Vision and its interest has been growing in the last decade [1][2][3][4]. Analysis and
synthesis of human motion has numerous applications. In Visual Surveillance, gait
recognition has been used in access control systems [1]. In Advanced User Interfaces,
visual analysis of human movement is applied in detecting human presence and
interpreting human behaviour [1]. Human motion analysis in Medicine can be
employed to characterize and diagnose certain types of disorders [4]. Finally, visual
analysis of human movement is also used in Biomechanics, studying human body
behavior subject to mechanical loads in three main areas: medical, sports and
occupational [5].

Human body is usually represented as an articulated model. This is due to the fact
that it consists of a set of limbs linked one to each other at joints which allow different
movements of these limbs [6]. Most studies in human motion analysis are based on
articulated models that properly describe the human body [2][6][7][8]. Model-based
tracking allows extracting body posture in an effortless way and handling occlusions.

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 202-213, 2004.
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2D contour representation of human body is relevant in the extraction ofthe human
body projection in the image plane. In this description, human body segments are
similar to 2D ribbons or blobs. In the work by Ju [7] a cardboard people model was
proposed. Human body segments were modelled by planar patches. Leung and Yang
[9] used a 2D ribbons with U-shaped edge segments. Rohr [6] proposed a 2D motion
model in which a set of analytically motion curves represented the postures.

One particular pose of the subject can be expressed as a single point in a state-
space. In this n-dimensional space each axis represents a degree of freedom (DOF) of
a joint in the model. Thus, all possible solutions to the pose estimation problem are
represented as points in this state-space. The goal ofthe model is to connect the state-
space with the 2D image space. This is achieved by creating a set of synthetic model
images and comparing them to measurements taken at each frame thus obtaining a
similarity frame estimate. Low level features such as blobs (silhouette), edges
(contours), colour and movement have been widely used in diverse approaches [2].

There are several methods for the comparison between synthetic data and frame
measurements. A usual approach, given by a Kalman Filter, predicts just one state and
estimates the difference between the synthetic data and the measurements data [2].
Another approach, given by a Particle Filter algorithm, predicts the most likely states
using a multiple hypothesis framework. The Particle Filter (PF) algorithm, (also
termed as Condensation algorithm) enables the modelling of a stochastic process with
an arbitrary probability density function (pdf), by approximating it numerically with a
set of points called particles in a process state-space [10].

The problem with using an articulated model for human body representation is the
high dimensionality of the state-space and the high computational effort it supposes
[11]. Also, in the Condensation approach, the number of required particles grows with
the size ofthe state-space, as demonstrated in [12]. To address this difficulty, several
optimized PF algorithms have been proposed. They use different strategies to improve
their performance. Deutscher [11] developed an algorithm termed Annealed Particle
Filter (APF) for tracking people. This filter works well for full-body models with 29
DOFs. Partitioned Sampling (PS) [12] is a statistical approach to tackle hierarchical
search problems. PS consists by dividing the state space into two or more partitions,
and sequentially applying the stated dynamic model for each partition followed by a
weighted resampling stage.

We propose a model-based Path Relinking Particle Filter (PRPF) [13] applied to
the visual tracking. This algorithm is inspired by the Path Relinking Metaheuristic
proposed by Glover [14][15] as a way to integrate intensification and diversification
strategies in the context of combinatorial optimization problems. PRPF hybridizes
both Particle Filter (PF) and Path Relinking (PR) frameworks in two different stages.
In the PF stage, a particle set is propagated and updated to obtain a new particle set. In
PR stage, an elite subset (called RefSef) from the particle set is selected, and new
solutions are constructed by exploring trajectories that connect each ofthe particles in
the RefSet. Also, a geometrical model is used to represent the human body in a 2D
space as a hierarchical set of articulated limbs, which allows us to obtain pose from
images at any time. We represent the shape of the human body by a set of plane
trapeziums and ellipses connected by joints. Moreover, this model is simple, the
number of required parameters is small and it is easily adaptable to describe different
articulated objects.
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2 Particle Filter

General particle filters (PF) are sequential Monte Carlo estimators based on particle
representations of probability densities, which can be applied to any state-space
model [16]. The state-space model consists of two processes: (i) an observation
process p(Z{X;), where X denotes the system state vector and Z is the observation
vector, and (ii) a transition process p(X¢Xci). Assuming that observations
{Zy, Zy, ... , Z;} are sequentially measured in time, the goal is to estimate the new
system state {%o, %1, ... » %} at each time. In the framework of Sequential Bayesian
Modelling, posterior pdfis estimated in two stages:

(i) Prediction: the posterior pdf p(X:i|Z:.;) is propagated at time step 7 using the
Chapman-Kolmogorov equation:

PX, 1Z1) = [pX, | Xe)P(Xos | 2 )X M

A predefined system model is used to obtain an updated particle set.
(ii) Evaluation: posterior pdf p(X(Z,) is computed using the observation vector Z:

_pZ X)X |Z,,)
pX,|Z,)= "Z.\Z) )

In Figure 1 an outline of the Particle Filter scheme is shown. The aim of the PF
algorithm is the recursive estimation of the posterior pdf p(XiZ,), that constitutes a
complete solution to the sequential estimation problem. This pdf is represented by a
set of weighted particles {0, n)... =X, 1)}, where the weights " o< p(Zy] X, = x;")
are normalised. The state y; can be estimated by the equation:

N
e =D mx] 3)

n=1

TR
IR <
d | I /\
S

Fig. 1. Particle Filter scheme
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PF starts by setting up an initial population Xy of NV particles using a known pdf.
The measurement vector Z; at time step ¢, is obtained from the image. Particle weights
Il are computed using the weighting function. Weights are normalized and a new
particle set X', is selected. As particles with larger weight values can be chosen
several times, a diffusion stage are applied to avoid the loss of diversity in X"
Finally, particle set at time step ¢+, X, is predicted using the motion model. A
pseudocode of a general PF is detailed in [13][16].

3 Path Relinking

Path Relinking (PR) [14][15] is an evolutionary metaheuristic in the context of the
combinatorial optimization problems. PR constructs new high quality solutions by
combining other previous solutions based on the exploration of paths that connect
them. To yield better solutions than the original ones, PR starts from a given set of
elite candidates, called RefSer (short for “Reference Set”). These solutions are
selected through a search process and are ordered according to their corresponding
qualitative values. New candidates are then generated, by exploring trajectories that
connect solutions in the RefSet. The metaheuristic starts with two of these solutions x’
and x", and it generates a path x’ = x(I), x(2),..., x(¥} = x" in the neighbourhood space
that leads toward the new sequence. In order to produce better quality solutions, it is

convenient to add a local search optimization phase. A pseudocode of PR can be
found in [13][14].

4 Path Relinking Particle Filter

Path Relinking Particle Filter (PRPF) algorithm was introduced in [13] to be applied
to estimation problems in sequential processes that can be expressed using the state-
space model abstraction. As pointed out in section 1, PRPF integrates both PF and PR
frameworks in two different stages. The PRPF algorithm is centered on a delimited
region of the state-space in which it is highly probable to find new better solutions
than the initial ones. PRPF increases the performance of general PF by improving the
quality of the estimate, adapting computational load to constraints and reducing the
number of required evaluations of the particle weighting function. Fig. 2. shows a
graphical template of the PRPF method. Dashed lines separate the two main
components in the PRPF scheme: PF and PR optimization, respectively.

PRPF starts with an initial population of N particles drawn from a known pdf. Each
particle represents a possible solution of the problem. Particle weights are computed
using a weighting function and a measurement vector. PR stage is later applied
improving the best obtained solutions of the particle filter stage. A RefSet is created
selecting the b (b<<N) best particles. New solutions are generated and evaluated, by
exploring trajectories that connect all possible pairs of particles in the RefSet. In order
to improve the solution fitness, a local search from some of the generated solutions
within the PR procedure is performed. PR stage ends when the news generated
solutions do not improve the quality ofthe RefSet.
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Once the PR stage is over, the “worst” particles are replaced with the RefSer
solutions. Then, a new population of particles is created by selecting the individuals
from the whole particle set with probabilities according to their weights. In order to
avoid the loss of diversity, a diffusion stage is applied to the particles of the new set.
At the end, particles are projected into the next time step by making use of the update
rule. The pseudocode of PRPF algorithm for visual tracking is detailed in [13].
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Fig. 2. Path Relinking Particle Filter scheme. Actual frame measures are required during
EVALUATE and IMPROVE stages (*)
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PRPF estimator quality is improved with respect to PF and the required number of
evaluations for the weighting function is also reduced. Therefore, PRPF search in the
state-space is not performed randomly like in a general particle filter. PRPF is time-
adaptive since the number of evaluations of the weighting function changes in each
time step. Ifthe initial solutions in the RefSet are far away one from each other, then
paths connecting solutions became long enough, and the number of explored solutions
increases. It is not possible to have any estimate ofthe previous state ofthe system at
the beginning of the visual tracking, therefore the particle filter is usually randomly
initialized. The number of individuals in the particle filter does not change during the
algorithm execution. PRPF algorithm reduces the total required number of evaluations
ofthe weighting function when increasing the number oftotal time steps.

5 Models for Human Pose Estimation

Each one of the involved models in our framework is detailed in this section. A
geometrical model is required to link solutions in the state-space with 2D image
feature extraction. Observation and system models respectively define the observation
and transition process in the state-space model abstraction.

5.1 Geometrical Model

We use an a priori 2D geometrical model to represent the observed subject. It consists
of a hierarchical set of articulated limbs. This model stores geometrical (time-
independent) parameters describing the body components. Fig. 3. illustrates the
proposed blobs and edge models for upper-body tracking. As shown in the
experiments section, this model can be easily extended to describe the full human

body.
a 2. Head

_ B L i b13
3. RArm 3 | 1. Trunk T\ | 3.RAm 1. Trunk
i 3 | 4\L Ari
o 5 | e | h1
b | | ha3
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Fig. 3. Proposed blob (left) and edge (right) configuration for human upper-body model
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Table 1. Limb properties in a human upper-body model

Trunk Head R. arm R. forearm R. hand
Ident. 1 2z 3 5 7
Shape T E T I E
Level 1 2 2 3 4
Father 1 1 3 )
Size [hl, bl,bl] | [a2,b2] [h1, b13,b23] |[[hl, bl5,b25]] [a7,b7]
Pos. [0, h1+A] | [-b1/2, h1-b12/2] [0, h3] [0, h5]

Body limbs are represented by a set of trapezium-shaped (trunk, arms, legs, and
feet) and ellipse-shaped (head and hands) ribbons which are connected by joints. Size
of trapeziums (T) is described by three parameters: one for the length and two for the
axes. Size of ellipses (E) is described by two axes. Each limb is jointed with a father
limb except trunk. Position and orientation ofeach body part is described in his father
frame. The coordinate system for the body parts are aligned with the natural axes. The
origin ofa coordinate system is located at the point in which each limb is jointed with
his father limb. Level ofthe limb is related to the distance from the body center, and it
is useful to calculate position and orientation of body parts in the global reference
system. Several examples of limbs descriptions in the proposed model are shown in
Table 1.

Particles store time-dependent values relating to limb positions, orientations and
velocities. The state x,' of a particle (X, %) in an eight-limb model is described as:

[xl’y]’91’92’63’94395’96’973683Xl’}'ll’ébé'z’93’64395’96597’98] (4)

where x and y are the spatial positions, 8 is the limb orientation in the father’s system
of reference and %, y and @ represents the first derivative of it’s corresponding

variable.

The goal ofthe geometrical model is to connect solutions in the multi-dimensional
state-space with the 2D image features. Thus, the method predicts the pose of the
model for the next frame and creates edge and blobs synthetic images. Note that used
tracking model parameters are defined with respect to the camera view point.
Features, those extracted from each frame in the video sequence and those predicted
by the PRPF, are compared in order to obtain a corresponding similarity measure.
This similarity value is iteratively used to establish the weights of the different
particles for the following frame during the tracking stage.

5.2 Observation Model and Weighting Function

The observation model specifies the image features to be extracted. To construct the
weighting function it is necessary to use adequate image features. In controlled
environments, edges and silhouette are relatively easy to extract from both, the image
and the geometrical model. Continuous edges extracted from a human image usually
provide a good measure of visible body limbs. However, they are sensitive to noise. A
region-based feature such as silhouette has the advantage over edges of being less
sensitive to noise [2]. On the other hand, details may be lost in the extraction of
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silhouettes. In order to overcome these difficulties both a silhouette and an edge based

model are used.
( B B’
ryl-
> '
T3
\. EM E’

() (b) (c) (d)

Fig. 4. Observation process: (a) initial image, (b) feature extraction, (c) particle prediction and
(d) particle weight computation

Fig. 4. represents the observation process that leads to the particle weights
computation. Continuous edges extracted from a human image usually provide a good
measure of visible body limbs. We use a Canny edge method to extract edges in the
human body image. The resulting edges are then smoothed using a convolution
operation. This produces a pixel map E¥ in which each pixel is set to a value related
to its proximity to an edge. Another pixel map E” is built extracting edges produced
by the geometrical model of the configuration predicted by the ith particle, for each
pixel j in the pixel map. Similarly, background subtraction was used to obtain human
silhouette. Two pixel maps B¥ and B® are built and compared to compute the
corresponding values of (. Differences between these two maps are computed by:

Vie N}V je flN }: Ch= S |EN -Ef| ®)
J

Vie LN}V je N} Ci =Y |Br - B| ©6)
J

Finally, edges and blobs coefficients are combined to obtain itk particle weight at
each frame using the following weighting function:
Vie {1 ..Npan}, T = g Gy @)

where a is an experimental parameter.

5.3 System Model

System model describes how particles evolve over the time. The update rule used in
this work is:
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{x,m =x, +x,4t ®

xt+At = xt + Gfo

where x represents some spatial (linear or angular) variable, 4¢ is the temporal step
and Gy is a random Gaussian variable with zero mean and normal deviation oy.

6 Experimental Results

In order to analyse the performance of the proposed model-based PRPF system,
people performing different activities were recorded in different scenarios. PRPF
algorithm was implemented using MATLAB 6.1. Fig. 5. shows the model adjustment
for a subject performing planar movements. Upper-body model consists of eight
limbs. Right elbow angle estimation using PRPF, Sampling Importance Resampling
(SIR) and manual digitizing curves are shown in Fig. 6.

Fig. 7. shows a runner tracked with a ten limbs full-body model. This sequence
demonstrates that the model adjustment is accurate. In Figure 8 a countermovement
jump sequence is shown. A full-body model formed by only five limbs is employed.
Selected “non consecutive” frames are shown in both figures. Right knee (left) and
hip (right) angle estimation using PRPF and manual digitizing curves are shown in
Figure 9. Finally, Table 2 shows the MSE values of some calculated angles from
frontal and jump sequences.

Fig. 5. Visual model adjustment for a subject performing planar movements (frames # 1, 10,
20, 30, 40 and 50)
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Fig. 6. Right elbow angle estimation using PRPF, SIR and manual digitizing

Fig. 7. Visual model adjustment for a running man
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Fig. 9. Right hip (left) and knee (right) angle estimation using PRPF, SIR and manual digitizing

Table 2. MSE / frame values with respect to manual digitizing and Npe / frame of SIR and
PRPF for two different motion sequences

SEQUENCES SIR PRPF

Npart / frame 1600 1363

JUMP (figure 8)  [MSE Knee Angle / frame 124,4 20,6
MSE Hip Angle / frame 459 15,4

FRONTAL Npar / frame 4000 2838
MOVEMENT MSE R Elbow Angle / frame 1220,4 71,7
(figure 5) MSE L Elbow Angle / frame 6912,4 194,2
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7 Conclusion

The main contribution of this work is the application of the Path Relinking Particle
Filter (PRPF) algorithm to model-based human motion tracking and analysis. PRPF
was originally developed for general estimation problems in sequential processes that
are represented by the state-space model abstraction. Experimental results have shown
that this model-based PRPF framework can be very efficiently applied to the 2D
human pose estimation problem, as demonstrated by Table 2. The proposed
geometrical human model is flexible and has been designed to be easily adapted to the
different analyzed human motion activities. In this way, quite energetic activities such
as running and jumping in different environment have been easily and effectively
tracked. Managing partial occlusions in different human tracking problems with the
PRPF approach will be improved. We also propose the study of PRPF in 3D scenarios
for human pose estimation in biomechanics applications. Finally, the authors are
working in a robust colour and edge based PRPF applied to tracking articulated
objects.
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Abstract. It is challenging to track multiple facial features simultane-
ously in video while rich facial expressions are presented in a human face.
To accurately predict the positions of multiple facial features’ contours
is important and difficult. This paper proposes a multi-cue prediction
model based tracking algorithm. In the prediction model, CAMSHIFT
is used to track the face in video in advance, and facial features’ spatial
constraint is utilized to roughly obtain the positions of facial features.
Second order autoregressive process (ARP) based dynamic model is com-
bined with Bayesian network based dynamic model. Incorporating ARP’s
quickness into graphical model’s accurateness, we obtain the fusion of the
prediction. Finally the prediction model and the measurement model are
integrated into the framework of Kalman filter. The experimental results
show that our algorithm can accurately track multiple facial features with
varied facial expressions.

1 Introduction

Tracking for multiple facial features is challenging in computer vision domain,
since they are deformable objects and have complex articulated motions. Kass
et al. [1] proposed Snakes: Active Contour model to track the contour of lips.
Snakes are energy-minimizing splines guided by constraints. It can be used to
obtain smooth feature contours. But when the total number of control points is
large (e.g., dozen), the dimensionality is too high to track contours efficiently.
Furthermore, to allow arbitrary variation in positions of control points over time
will lead to instability in tracking. Cootes et al.[2] proposed the ASM/AAM
algorithms, in which tracking is based on face detection and recognition. However
the tracking results depend on the model’s initial position and the variations
contained in the training set, which makes it difficult to deal with occlusions.
Furthermore, during the training, broken line is used to mark the facial features,
which is not smooth.

We propose a Bayesian network enhanced prediction model based multiple
facial feature tracking algorithm. Our considerations for tracking are as follows:

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 214-226, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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(1) Choose the B-spline to describe feature’s contour. B-spline is smooth. It is
better than broken line, since the contour of facial feature is smooth too.

(2) Utilize principal component analysis (PCA) to reduce dimensionality for
each facial feature. Therefore un-plausible contours are eliminated by sub-
space method.

(3) Propose a multi-cue based prediction model.

a) First, use low-level feature based face tracking algorithm — CAMSHIFT
[3] to give an estimation of the face’s position. Therefore the search space
for observation model is narrowed down.

b) multiple facial features are tracked simultaneously, spatial constraint
among facial features is also taken into account.

¢) We learn the second-order auto regressive process (ARP) based dynamic
model for each facial features.

d) We use graphical model — Bayesian network to enhance the ARP based
dynamic model. The Bayesian network in this paper combines the in-
fluence on a facial feature in the current time instant contributed by
multiple facial features in the previous time instant. In this way, it is
more robust than tracking each facial feature independently. We inte-
grate all the above prediction models as multi-cues into prediction model
of the Kalman filter.

(4) Finally, the prediction and observation model make up the Kalman filter
framework in the standard way.

1.1 Related Work

There is much prior work on tracking the facial feature. The ASM/AAM algo-
rithm is a classic method to track multiple facial features, as discussed in the
previous section. Kapoor and Picard [4] proposed an infrared camera based track-
ing algorithm, which didn’t need any manual alignment or calibration. However
only upper facial features are tracked. Gu et al. [5] proposed an active approach
to track facial expressions, and they combined the IR sensor with a Kalman
filter, however the local graphes they used to capture the spatial relationship do
not fit into a probabilistic framework.

Although there are many facial feature tracking algorithms not mentioned
here, in this paper, we are specially interested in Bayesian network, a kind of
graphical model’s application in multiple facial feature tracking.

This paper is organized as follows. Section 2 describes the representation
of facial feature’s contour. Dimensionality reduction for facial feature is given
in Section 3. Section 4 provides the multi-cue based prediction model in de-
tail. Section 5 presents the measurement model. The experimental results are in
Section 6.

2 Representation of Facial Feature’s Contour

In this paper, we track the contours of facial features, and use B-spline
(z(u,t),y(u,t)) to represent facial feature’s contour in time instant ¢. Suppose
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Fig. 1. The contours of facial features are repre- Fig. 2. The results of ar-
sented by B-spline. Control points are shown as yel- bitrarily manipulating spline
low dots, and the B-splines are described by magenta vectors
curves
there are N spans and N, control points, we have
z(u,t) = B(u)C*(t), y(u,t) = B(u)C¥(t),0 <u < N, (1)

where C*(t) = [CE(t),...,CF_(t)]T are the z coordinates for all control points
in time instant ¢, and C¥(t) are the y coordinates. The vector B(u) consists of
blending coefficients [6]. The control points of B-spline composite into a spline
vector C(t):

() = [C7(t) C¥(B)”. (2)

The B-splines that represent facial features are shown in Fig. 1, where the
contour of eyebrow is the upper edge of eyebrow; the contour of eye is the
boundary between eyelid and eyeball, excluding the eyelid; the contour of nose
is the border between nose and the skin of face; the contour of mouth is the
edges of upper and lower lips.

If we manipulate the control point’s positions arbitrarily, it is easy to generate
spline that does not look like facial feature’s contour (see Fig. 2). Therefore
arbitrarily manipulating the control points may lead to tracking failure.

3 Dimensionality Reduction for Contour of Facial Feature

The movement of facial feature can be decomposed into two parts: rigid motion
and no-rigid motion. The rigid motion is caused by the motion of head, while the
non-rigid one is the motion of each facial feature that caused by facial expres-
sions. Facial features (eyes, eyebrows, nose, mouth) are generally in the same
plane. When rigid motion of head occurs, the contour of facial feature has six
degrees of freedom (DOF). For the non-rigid motion of a facial feature, we carry
out PCA for the contour of facial feature in the training face image sequence.
Let the dimensionality of non-rigid motion is reduced to N,,, and then the total
dimensionality of all facial features is 6 + N,,. Let s; denote the parameters of
state space after the dimensionality reduction, and the spline vector C(t) can be
written as

C(t) = Ws; + Co, (3)
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where W is a N¢ x Ng shape matrix, N¢ denotes the DOF before dimension
reduction, and N¢o = 2N,. Ng denotes the dimensionality after dimensionality
reduction, and Ng = 6 + N,,,.. Cp is the template of contour, which is usually
obtained by manually marking.

4 Multi-Cue Based Prediction Model

In multiple facial feature tracking , we first use ARP based dynamic model to
predict the behavior of each facial feature’s motion. Furthermore, facial features
are related with each other, we use Bayesian network to model the relationship
among facial features. Our prediction model combines the quickness of auto
regressive process with accuracy of graphical model.

4.1 Second Order Auto Regressive Process Based Prediction Model

The motion of a facial feature’s contour can be modelled by a noise driven
second-order auto regressive process (ARP), which can be shown as the following
second-order linear differential equation:

sy = Aasi—a + A18i-1 + Do + Bows, (4)

where A;, A3 and By are matrices, 4; and As are the deterministic parameters,
and By is the stochastic parameter. Dy denotes a fixed offset, and the distribution

of each component of w; belongs to i.i.d. Gaussian noise. Let x; = [S';_l }, the
¢

Eq. (4) can be written as:
xt = Axi—1 + D + Buy, (5)

0 I
Az Ay
Eq. (5),we can see that x; only depends on x;_; in the previous time instant.
Therefore the dynamic model for one facial feature is actually a Markov chain.
But this model doesn’t consider the relationship among facial features. Since
second-order ARP can describe constant velocity motion, decay and damped
oscillation [7], we use it as the plausible dynamic model for each facial feature.

In the second-order ARP dynamic model (see Eq. (5)), the parameters A, D
and B are unknown. Although it is possible to specify the parameters empiri-
cally, it is more convincible to estimate these parameters from training image
sequences. In this paper, we choose a bootstrapping strategy to learn the pa-
rameters for dynamic model.

0

where A = , I is an identity matrix, D = ,and B = 0 . From
D() BO

4.2 Using Graphical Model to Model the Relationship
Among Facial Features

The dynamic model in Section 4.1 is for one facial feature, and we can build serval
dynamic models, each for one different facial feature. Multiple independent ARP
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models based tracking method for multiple facial features is prone to tracking
failure, since the inter-relationships among facial features are not taken into
account. Actually, the motions of each facial feature relate to each other. For
example, when one frowns, his eyes will become smaller; when one surprises
with wide open mouth, the eyebrows will move up. It is difficult to describe this
kind of interrelationship deterministically. In this paper, we use probabilistic
graphical model - Bayesian network to describe it non-parametrically.

Bayesian Network Bayesian network [8, 9, 10] is a directed acyclic graph
(DAG). The Bayesian network used in the paper is shown in Fig. 3, where the
filled circle denotes observation node, and the empty circle denotes hidden node.
The directed edge represents the statistical dependency between two nodes, and
the direction is from the parent node to the child node. The intuitive meaning of
Fig. 3 is that we can predict the current position of mouth’s contour on condition
that we have already known the positions of each facial feature’s contours in the
previous time instant.

Bayesian Network Based Dynamic Model We utilize Bayesian inference to
calculate the marginal probability p(s;¢|{si¢~1};). For multiple facial feature
tracking, the intuitive meaning is to predict the contour state parameter s;:
in current time instant £ on condition that each facial feature’s contour state
parameters {s; -1}, are already known. The result of prediction is ;. that
maximizes the marginal probability.

8t = arg I??-Xp(sj,tl{si,t—l}ﬁ_-l) (6)
7.t

Generally, the Bayesian model based dynamic model can not be decomposed
except that $31:-1,...,8it-1,-..,5N,t~1 are mutually independent on condition
of s;;. But we could use Eq. (7) to approximate the joint marginal probability.
Murphy and Weiss proved that it is feasible [9].

N
p(ssel{sie1Hiy) = [ [ p(sselsiz-1) ()

i=1
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Fig. 4. The sketch map of Fig. 5. The sketch map Fig. 6. The sketch map
(85, 84,6—1) of p(si,t—1) of
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Training Bayesian Network Based Dynamic Model Different from the
parametric second-order ARP based dynamic model, Beyesian network based
dynamic model p(s;,¢|{s:t-1}X;) is non-parametrical. From Eq. (7), we know
that in order to solve the non-parametric dynamic model, the key point is to
calculate p(s;:|s;;—1) . From the conditional probability theorem, we have

D(85,6184,6—1) = p(85,¢, 84,6—1) /P(Si,t-1), (8)

where p(s; ¢, 8i,t—1) is joint probability, and p(s;:—1) is the probability of facial
feature ¢ in the previous time instant. From the training data, we fit the mix-
tures of Gaussians to p(s;,t, 8i,t—1) and p(s;;—1). We can obtain p(s;,¢|$:¢—1) by
evaluating Eq. (8). The sketch maps for p(s;,¢, $i+—1) and p(s; ¢—1) are shown in
Fig. 4 and Fig. 5.

Using Bayesian Network Based Dynamic Model to Predict Contour
of Feature On condition that the facial feature ¢’s state parameter s;;—; is
equal to §;;:—1 in the previous time instant, we can predict the state of facial
feature j based on Eq. (6) and Eq. (7).

N
80 = argmaxp(s;.e|{€ie—1}) = argmax [T 2(sicléie-1)
e it =1

N
= arg rxsl_aXH(P(Sj,t,§i,t~1)/P(§i,t—1)) )
It =1

When si¢—1 = &it—1, P(85,84,6-1)]sss_1=£:,_, 1 single variable MOG, its one
dimensional sketch map is shown in Fig. 6. From Eq. (9), we know that we need
to calculate the maximum of the product of N MOGs. Since it is difficult to
obtain the maximum directly, practically approximative methods are used, e.g.
starting from an arbitrary point, use gradient descent algorithm to obtain the
local maximum; utilizing discretization, draw ns samples, then find the maxi-
mum probability of them. We tend to use the latter method, since the global
maximum can be obtained.
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Fig. 7. CAMSHIFT algorithm can be used to obtain the face’s position and orien-
tation. (a) one frame contains the frontal face; (b) the probabilistic distribution map
of face, the tracked face area is shown in the blue ellipse; (c) one frame contains the
face with orientation; (d) the probabilistic distribution map of face, the blue across
approximately gives the face’s orientation

4.3 Low-Level Feature Based Face Tracking in Advance

The second order ARP based dynamic model is used for each facial feature, not
for the whole face. To avoid the tracked facial feature’s contour drifting out of
the face, it is necessary to track the whole face firstly. Therefore we could narrow
down the search range for the facial feature tracking.

In this paper, we use color histogram based CAMSHIFT algorithm [3] to
track the whole face, and obtain the location of human face (see Fig. 7(a)
and 7(b)). By this means, we set a search range for the observation model of
facial feature tracking. Since observation is the most time-consuming part of
the facial feature tracking, narrowing down the search range make the tracking
more efficient. CAMSHIFT tracking algorithm can also be used to obtain the
orientation of face (see Fig. 7(c) and 7(d)), and this make preparation for spatial
constraint in the following section.

In the experiments, the training for dynamic model was carried out for frontal
faces. When the tracked face has orientation, we use CAMSHIFT algorithm
to approximately get its orientation, and then warp the face image into the
canonical position. We do the facial feature tracking on the canonical face, we
undo the warping after tracking for graphical display.

4.4 Spatial Constraint Among Facial Features

Human face image belongs to a special class. The facial feature position of differ-
ent person only varies in a local area. If we know the position and orientation of
a face, we can use the spatial constraint among facial features to obtain the ap-
proximate position of each facial feature. As shown in Fig. 8(a), the human face
can be described by an ellipse. The ratio between length and width is roughly
7 : 5, and the distance between two eye’s centers is about 2/5 of the width of
face. For face with orientation, this spatial constraint still holds (see Fig. 8(b)).

The face position obtained by CAMSHIFT combined with spatial constraint
is just an estimation for each facial feature’s position. In the previous section,
we include rigid motion in second order ARP model to further distill the residue
rigid motion for each facial feature.
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{a) (b}

Fig. 8. (a) The spatial constraint among facial features; (b) The spatial constraint
also holds for face with orientation

4.5 Multi-Cue Fusion for Prediction

The spatial constraint among facial features can be combined with face tracking
to specify the approximate position of facial features in the current time instant.
This kind of low-level prediction can be integrated with dynamic model based
prediction to improve the accuracy of prediction. The low-level CAMSHIFT
algorithm based face tracking and spatial constraint among facial features are
the preprocessing for prediction, and they can be easily fused into the prediction
model.

Integrate Second-Order ARP Based Dynamic Model with Graphical
Model Based One Second-order ARP based dynamic model is very quick
to prediction, but it ignores the influence on the facial feature’s position in the
current time instant caused by the position of other facial features in the previous
time instant. The graphical model based prediction can obtain better result than
ARP based method theoretically, but its non-parametric property determines
that finding the global maximum is time consuming. This paper combines the
advantages of these two method. The procedure of the algorithm is as follows:

Step 1. Stepl. Based on Eq. (4), we use reject sampling [11] method to draw ns
samples (we choose ns = 20 based on experiments) from w;. By this way,
ns ARP based prediction results s;t are generated, where 0 < k < ns.

Step 2. Step2. Substitute s;?,t for s;, in Eq. (9), we can find the best prediction
§;,¢ from the ns predictions.

Step 3. Step3. Based on Eq. (3), we can solve the contour ¢ (t) of current facial
feature in time instant ¢.

In the ASM/ASM based multiple facial tracking algorithms, their dynamic
models are only zero-order or first-order linear model, which can only describe
uniform motion or uniform acceleration/deceleration motion. Therefore, the pre-
diction based on these dynamic model is not enough. These tracking algorithms
usually converge to correct position only when the initial position of facial fea-
ture’s contour is reasonably appropriate. If the initial position is not very good,
the tracker tends to be locked on a local maximum or fails.
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5 Measurement Model

After we have the prediction result of the facial feature’s contour position, the
result should be verified and adjusted by a measurement model. Compared with
the prediction model, the measurement model is relatively easy to construct.

On condition that the predicted contour of a facial feature is C’(t), one mea-
surement in time instant ¢ is to find feature (e.g. edge) along the normal vector
n(pt) of one point pr on the contour curve:

fpt,t) = (C(t) — 1)) - n(pt) + g(pt, 1), (10)

where g(pt,t) is an i.i.d. Gaussian noise, and its variance §% is a constant. The
visual effect of measurement along the normal vector is to pull the contour
curve C(t) along the normal direction based on feature found. Let C(t) denote
the contour curve after measurement, and it is the final tracking result in time
instant ¢ for current facial feature.

Already have the prediction and measurement model separately, they can be
integrated into the Kalman filter framework in a standard manner.

6 Experimental Results

We have implemented a prototype system MF2T by Visual C++ and Matlab
on Windows platform. MF2T tracks 6 contours of facial features, which are left
eyebrow (right eyebrow), left eye (right eye), nose and mouth. The contours
are all quadratic B-spline, where eyebrow and nose are open B-spline.Other
facial features are described by closed B-spline. The number of control points
for eyebrow, eye, nose and mouth is 10, 9, 16, 12 respectively (see Fig. 1). The
total number of control points is 66, i.e., the total dimensionality is 132.

We choose Cohn-Kanade facial expression database as the training set [12],
since it contains a lot of fontal expressive face images, and is stored as 30fps
image sequence. The dimensionality reduction and training for prediction model
are carried out on this database.

In order to reduce the dimensionality for contour model, we select 100 frame
frontal face images from the training set, and these images belong to 48 different
persons. We do PCA for each facial feature. After dimensionality reduction, the
dimensionality for eyebrow, eye, nose and mouth is 7, 7, 12 and 9 respectively.
The total dimensionality is 49, accounting for 99% variations.

In the training for second-order ARP based dynamic model, we obtain 6
dynamic models from image sequences, each for eyebrows (left and right), eyes
(left and right), nose and mouth. In the training, we use interactive editing to
manually mark feature points in order to get the ground truth. In the training of
Bayesian network based non-parametric dynamic model, we use the same image
sequence as the second-order ARP model. For image sequence with M frames,
there are (M —1)C2 = 15(M —1) pairs of training data. In other words, there are
15 kinds of data for joint probability p(s;,t, $i,t—1), and we fit 8 cluster mixtures
of Gaussians to them. For the state p(si,t_l) in the previous time instant, there
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Fig. 9. Joint probabilistic density of 4 pairs of PCA coefficients. The corresponding
marginal distribution is shown on each figure’s right and lower part. We can see that
the relationship between PCA coefficients is multimodal and non-Gaussian

are C} = 6 kinds of data, we also fit 8 cluster mixtures of Gaussians to them. We
can calculate conditional probability p(s;¢|s;¢~1) from the fitted probabilities.

The reason to use mixture of Gaussian is that the relationship between con-
tour of a facial feature in the previous instant and that in the current time
instant is multimodal, and is not Gaussian. We make experiments to prove this.
We choose 3 most important PCA coefficients for left eye in the previous time
instant, and 3 for mouth in the current time instant. Therefore we obtain 9 kinds
of PCA coefficient pairs, and each kind of PCA coefficients’ number is M — 1.
The spatial distribution for 4 different kinds of PCA coefficient pairs is shown
in Fig. 9, and we can see that simple Gaussian approximations would obscure
this data set’s meaningful information.

In the experiments, it turns up that facial expressions change very fast, e.g.
it only needs 10 frames to change expressions from neutral to happy (for 30fps
video); therefore there are relatively large motion in adjacent two frames. We
carry out two kinds of experiments: (1) Tracking multiple facial features in fontal
expressive face images in Cohn-Kanade database (640x490, 301fps) (see Fig. 10(2)
We use digital video camera to capture face image sequence (640 x 480, 30fps)
with expression, orientation and occlusion in the outside. We track these image
sequences (see Fig. 11 and Fig. 12, zoom in to see clearly). All the tracked image
sequences are not included in the training set. We compare our algorithm’s result
with that of AAM’s.

The tracking result for a surprise expression sequence is shown in Fig. 10.
We can see from the result of edge detection (see Fig. 10(c)) that, when mouth
is wide open, the teeth and tongue form dense cluster for the contour of mouth.
AAM is locked on local maximum, since it treats the contour of teeth as that
of lower lip, and regards the dark circles as contour of eyebrows. Our algorithm
correctly predicts that the mouth will probably open when the eyebrows are
rising and the eyes are opening. The original size of image sequence in Fig. 10
is 640 x 490 pixels, and the tracking is carried out in that size. However for the
purpose of display in this paper, we crop the image down to the size of 432 x 490.
The frame number is shown in the time code at the bottom of the image.

Our algorithm also can robustly track multiple facial features when face
has orientation and size variation (zoom in to see Fig. 11(b)). Since we use
CAMSHIFT algorithm to get the position of face in advance, we avoid the AAM
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(c) Edge detection result for imagé sequence

Fig. 10. Tracking results for a surprise expression sequence. (a) Tracking result of
AAM. (b) Tracking result of our algorithm. (c) Edge detection result for image sequence

(&) Tracking result of AAM

(b) Tracking result of our algorithm

9/ 0/e/§ 6§ &8

¢) The face tracking result using CAMSHI

Fig. 11. Comparison of tracking results: from far to near, quickly approaching the
camera, and with head orientation and face expression. (a) Tracking result of AAM.
(b) Tracking result of our algorithm. (c) The face tracking result using CAMSHIFT

tracker’s problem that left eyebrow is out of the face (zoom in to see Fig. 11(a)).
Furthermore, in the graphical model based prediction, we consider the spatial
constraint of facial features, the problem that contour of upper lip overlaps with
that of nose is also avoided. In Fig. 11, the frame numbers are 9, 22, 37, 42, 62,
66, 70 and 157.

For the classic AAM algorithm, since occlusions occur in various forms (e.g.
occlusions on different facial feature), it is difficult to integrate such negative
samples into the training set; therefore the training set for AAM only contains
faces without occlusions. It is difficult for AAM to deal with occlusions on fa-
cial features in image sequence, and AMM tracker usually fails in such situation
(zoom in to see Fig. 12(a)). However our algorithm utilizes the natural rela-
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() Tracking result of our algorithm

Fig. 12. Comparison of tracking results with occlusions: hiding mouth by hand. (a)
Tracking result of AAM. (b) Tracking result of our algorithm

tionship among facial features, the contour of the occluded facial feature can be
inferred by Bayesian network learning (zoom in to see Fig. 12(b)). The compar-
ison results are shown in Fig. 12, where the frame numbers are 0, 1, 4, 23, 51,
54, and 55.

Our algorithm runs at 3 frames per second on a Pentium4 1.8G computer.

7 Conclusions

In this paper, we propose a Bayesian network enhanced prediction model based
multiple facial feature tracking algorithm. We combine the second-order ARP
based dynamic model with graphical model - Bayesian network based one, and
obtain quick and accurate multi-cue based prediction model. The prediction
and measurement model are integrated into the Kalman filter framework in a
standard way. The experimental results show that our algorithm is effective.
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Abstract. We have developed a system that supports the creation of
classical ballet choreography in 3D environments. The system allows bal-
let teachers to interactively create various choreographies on the Web and
to represent them as 3DCG animation. Our research approach focuses
on sharing 3D animation data over the Web and reusing motion data
effectively. We discuss the standardization of motion data to share them
in the Web environment and the creation method of 3DCG animation
to simulate choreographies. To develop such a Web-based choreography
simulation system, we suggest a method for composing and archiving
3DCG animation on the Web. This allows us to simulate choreography
interactively on the Web.

1 Introduction

As 3-dimensional (3D) human animation through motion capture systems is
further integrated into various media types, such as movies or TV, the demand
for such animation is expected to increase. Our research approach focuses on
sharing 3D animation data over the Web and reusing motion data effectively.
Sharing motion data on the Internet allows anyone to access various artistic
dances all over the world. In addition, these motion data can be applied in online
systems for educational and artistic purposes. For example, one can prepare 3D
movement catalog, compose pieces by collaborating via the Net, and exhibit
pieces on an electronic dance museum.

Our goal is to develop and integrate several modules into a system capable
of animating realistic virtual ballet performances on the Web. As a case study of
Web3D technology and its application, we have developed a system that supports
the creation of classical ballet choreography in 3D environments. In this paper,
we discuss our new system, which is called “Web3D Dance Composer.”

For many years, various animations have composed by using applications
for choreography [1, 2]. Such applications, though widely used up until now,
do not work on the Web and they are not suitable for the online application.

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 227-238, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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Powerful tools for scripting complex movements and behaviors have already
been created [3, ?], but coming up with artistic human motions on the Web still
remains a challenge.

In the next section, we begin by explaining the concept of our proposed
system. In section 3, we explain the standardization method for human mo-
tion description. In section 4, we suggest a Web-based choreography simulation
system followed by experiments and considerations.

2 Web3D Dance Composer
2.1 Basic Concept

The main goal of our research is to develop a tool for editing classic ballet motions
on the Web. Our system offers users a set of powerful functions to direct highly
realistic virtual dances. In this work, we focus on a number of issues related to
composing and producing various classic ballet stages:

— A Web-based and platform-independent system for high scalability based on
VRML and Java applet;

— Standardization of human motion description methods based on H-Anim [6];
and

— Independent motion data sequences that make it easy to access and recom-
pose steps.

One of'the contributions of this work is the standardization of human motion
description methods. The main program with sharing and reusing dance motion
data over the Net is accurately describing human motion. For this purpose, we
adapt H-Anim to a human model of a female ballet dancer. We suggest using
our original standardization methods.

Another contribution is registering and reusing choreographies. Our approach
is registering created choreographies and sharing them on the Web, thus users
can refer to archived choreographies and reuse one of them, because it is difficult
for beginners to create ballet choreographies, this system is useful for students.
It is also helpful for teachers because there is no textbook for classic ballet
lessons, and teachers usually create the choreography each time. By using this
system, however, they can download and refer to the choreographies made by
other teachers or choreographers. Fig. 1 shows an image of sharing motion data.

2.2 System Overview

Web3D Dance Composer (WDC) is a Web-based interactive choreography simu-
lation system for ballet. Using our proposed system, one can easily compose and
simulate ballet dance using the motion data captured from a professional dancer.
Since classical ballet is a dance that typically consists of established steps, one
can compose choreographies by connecting basic steps.

This system allows ballet teachers and students to create various choreogra-
phies for lessons in a short time. The creatable choreographies are “allegro for
beginners” only, and for lower-body movement only at the present time.
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Fig. 1. An image of sharing motion data

3 Standardization of Motion Data

3.1 Recording Motion Data

We constructed a motion archive of basic steps, which were performed by profes-
sional ballet dancers. To capture motion data, we used both an optical motion
capture system and a magnetic system for six dancers because it is difficult to
use the same systems and dancers to gather all steps. We use the EVa System [7]
as an optical system, and Motion Star Wireless [8] as a magnetic system.

3.2 Standardization Based on H-Anim

There are various formats for motion capture data, none of which are standard-
ized. This is one of the major problems with sharing and reusing the motion
data. To deal with this problem, most CG applications have a tool to adapt it to
the final human figure structures. However, using these tools every time is not
efficient. In order to solve this problem and to share motion data on the Web,
we adopted H-Anim, which is a standard way of representing humanoids on the
Web. It defines all names of Joints, Segments, Sites of the human body, and
associated hierarchies. It also suggests starting poses for a humanoid animation
and a description method for the joint angles.

In this research, we suggest four topics for standardization methods with
respect to H-Anim: (a) a hierarchical structure for describing ballet; (b) a de-
scription method ofjoint angles; (c) a body figure of dancers for simulating ballet
choreography by 3DCG; and (d) a description method for movement data. Meth-
ods (¢) and (d) are our original suggestions; (a) also contains an original part,
but (b) is H-Anim itself. From the next section, we explain these standardization
methods. To edit motion capture data, we use EVa5.20 [9] for the optical system
and FILMBOX3.0 [10] for the magnetic system.
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Fig. 2. The human body structure of the standard ballet dancer

3.3 Standardization of Body Structure

In H-Anim, there are 89 defined human joint positions. However, the data from
the motion capture system only includes 15-20 of them. In addition, each joint
has a different name for different motion capture systems. The names for joints
should all be adapted to those of H-Anim. In this process, we prepare “a standard
model for a ballet dancer” as a structure for describing ballet. In this model, we
define 20 joints that are based on LOA1 (Level of Architecture 1) of H-Anim,
and we add the neck, shoulders, and toe joints to it. Fig. 2 shows the human
body structure, Fig. 3 is the human body hierarchy of “a standard model for
a ballet dancer.”

3.4 Standardization of Description Method for Joint Angles

To share motion data, we unified the starting direction of rotation data. In the
case of H-Anim, the default position of the humanoid is defined, where all of the
joint angles should be zero. On the other hand, in the case of motion capture
data it depends on the system. For example, in the case of the optical system
EVa, the starting direction of rotation data is defined as the vector from parent
joint to the child joint (Fig. 4(b)). In our research, the joint angles from motion
capture data were transformed in the same way to the H-Anim (Fig. 4(a)).

3.5 Standardization of Body Figure for Dancers

Handling data from different motion capture systems, we standardized a human
body figure and suggested a CG character for “a standard model for a ballet
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Fig. 3. The human body hierarchy of the standard ballet dancer
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Fig. 4. The initial direction for rotation. (a)H-Anim, (b)EVa System

dancer.” This is based on the average of three professional dancers who have
similar body figures. We measured their bodies and surmised the joints, and
all motion data were adapted to this model. Based on the joints, we produced
a 3DCG character for ballet. This character is female, 160 cm tall, and weights
43 kg. She wears a leotard and toe shoes. Fig. 5 shows the appearance of the
joints and the 3DCG character, while Table.1 gives the positions of Joint and
Site for a standard female ballet dancer.

3.6 Standardization of Description Method for Movement Data

To facilitate simulation and editing of ballet motion, we suggest standardizing
the description method for the movement data. In the case of ballet movement,
essential attribution is almost always included in the vertical movement, while
horizontal movement represents global movement. Moreover, horizontal move-
ment can be modified in order to connect to the next step. Therefore, we segment
movement data into vertical and horizontal movements.
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Fig. 5. A 3DCG character for the standard female ballet dancer

4 A Web-Based Choreography Simulation System

4.1 System Architecture and Requirements

Fig. 6 illustrates the system architecture of WDC, which consists of a virtual
environment based on VRML and a Java applet running on the WWW browser.
We use the External Authoring Interface (EAI) to communicate with the VRML
environment and the Java applet, and employ the CGI (Common Gateway In-
terface) to access the file on the server for archiving choreographies.

The only requirements needed to run this system are a WWW browser and
a VRML Plug-in. The motion data of each body part should be prepared on the
motion archive on the same server as the Java applet. Other object files, such
as background and body shape, may be on the WWW, and users can include
more.

[— Client

[Gur
Java Applet

.
-
T

.

Other
Object

S~ Web

Fig. 6. The system architecture of Web3D Dance Composer
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Table 1. The positions of Joint and Site for the standard female ballet dancer

Joint Name X Y Z
HumanoidRoot 0.00 0.89 -0.07
v1ls 0.00 1.03 -0.07
skullbase 0.00 1.46 -0.01
1(r) shoulder (-)0.15 1.29 -0.03
1(r)-elbow (-)0.15 1.06 -0.03
I(r)_wrist (-)0.15 0.82 -0.03
I(r)hip (-)0.08 0.86 0.00
1(r) knee (-)0.08 0.46 0.00
1(r)_ankle (-J0.08 0.07 -0.02
ved 0.000 1.37 -0.02
I(r)sternoclavicular (-)0.07 1.31 -0.03
I{r) metatarsal (-)0.09 0.01 0.10
Site Name X Y Z
skull_tip 0.00 1.60 0.02
1(r)-hand_tip (-)0.14 0.65 -0.03
1(r) foot_top (-)0.07 0.00 0.17

4.2 Composing Animation

To simulate choreography in real time on the Net, we have developed a Web-
based method for composing animation. In the case of using traditional anima-
tion software, users should import motion data files and edit part of these to
create choreographies. If these systems are applied on the Internet, the process
takes a long time and makes many tasks for the network because it is necessary
to add and edit a huge amount of animation data.

Our approach to solving this problem is to use EAI and the file reference
function of VRML. EAI is an interface for communicating with a Java applet
and a VRML, allowing us to access the VRML environment from the Java applet
and to edit the VRML description interactively. In addition to this, a VRML
scene can import other existing VRML files on the Internet. By using this file
reference function, we can easily change the VRML object, such as animation
and background, by changing the address of the object file.

Therefore, when adding motion data to the VRML scene, the address of
a VRML file can be added instead of animation data itself. Each animation data
should be archived on the Web and it can be applied for a 3D environment
downloaded by VRML Browser. This permits us to simulate choreography in
almost real-time on the Web.

4.3 Archiving Motion Data

We use the browser to download VRML files automatically. This method allows
us to adapt animation data to the 3D environment; however, this method does
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not allow us to edit animation data. Because the animation data of each joint
is described in rotation data, these can be used directly. On the other hand,
movement data should be edited so as to connect to the following movement.

To solve this problem, we prepared three kinds of files corresponding to the
basic steps in the motion archive. One of them is the animation file of each step,
which is prepared as a VRML file so as to execute directly after it is loaded.
Another is the movement that represents the translation of the X-Z plane, and
this is prepared as a text file because it should contain values that can be modified
in order to connect the next step. The other is adding information such as step
name, starting pose, which is not needed for accumulating animation, but are
used for supporting creation.

The animation data is segmented into each step and archived. To archive
motion data of basic steps, we edited them as follows. Each step should start
from the origin and the front direction. Furthermore, we define default beat for
each step. This beat is not related to recording speed because the playing speed
is generally decided by beats in a ballet lesson.

4.4 Registering and Reusing Choreographies

Created choreographies by WDC can be registered to the motion archive on
the Web. In the present system, 20 composed choreographies for a beginner’s
lesson that have been choreographed by a ballet teacher are already registered.
Previously captured solo dances in classical ballet and characters for the human
model that based on VRML H-Anim are also registered. Users can edit these
registered choreographies as well as just appreciating them.

By using these registered sequences, users can create a dance performance
according to a scenario. Fig. 7 shows such an example of a scenario for a dance
performance. The user can post the composed steps to the timeline for each actor,
and he/she can simulate different animations for multiple humans. Fig. 8 shows
an example of applying different animations for multiple humans corresponding
to Fig. 7.

P time

Actorl :
(3 dancers: circle+center) L

Actor2
(4 dancers: line)

Fig. 7. An example of a scenario
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Fig. 8. An example of applying different animations for multiple humans

4.5 GUI Design and Functions of WDC

Fig. 9 shows the User Interface of WDC. It employs only one window, which
consists of a virtual environment based on VRML and a Java Applet, including
menus for the composing system and the display control system. These menus
consist of five panels: a Motion Catalog Panel, a Play Control Panel, a Timeline
Panel, an Archiving and Reusing Panel, and a Display Control Panel. All names
of steps used for “allegro for biggers” are listed in the Motion Catalog Panel.
Composed steps are shown in the Timeline Panel when control buttons are used.

At the beginning, there is a character on the 3D world but no animation.
To initiate choreography, the user provides a sequence of steps in Timeline by
selecting steps from the Motion Catalog Panel. After selecting a list of steps, one
can load the corresponding animation into the character. Once the user loads
the animation, he/she can play it anytime. For connecting some steps, each
action can be translated and interpolated. The dancer’s character, formation
and background can also be changed through the Display Control Panel.

5 Experiments and Discussion

5.1 Experiments

We conducted an experiment on our proposed simulation system to evaluate its
utility.

First, a ballet teacher created ten short choreographies from 27 steps that are
used in actual lessons for beginners. Second, we recorded as many motion data
for these step patterns as possible. We will increase the number to about 100
steps if we consider the different patterns such as starting pose and ending pose.
The average number of steps used in each choreography was 15.9, the minimum
11, and the maximum number was 24. Third, we composed and recreated 3DCGs
of the same choreographies by using the WDC system.
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Fig. 9. The user interface of Web3D Dance Composer

Then, ten ballet teachers evaluated these ten choreographies. The average
length of teaching experience of these teachers was 9.6 years, with the minimum
being 3 years, and maximum 20 years. The criterion for evaluation was whether
a 3DCG made by WDC could recreate the original choreography. The evaluation
method was as follows. First, a 3DCG made by WDC was shown and teachers
remembered the choreography. After that, a movie of the original choreography
was shown, then the teachers compared and evaluated these movements. The
parts for evaluation were the lower body, the upper body, and rhythm. The
evaluation criteria were “recreated exactly,” “possible to guess,” and “impossible
to guess.”

Fig. 10 is an example of recreated 3DCG animation choreographed by a
teacher.

5.2 Results and Discussion

The evaluation result for the ten choreographies is shown Fig. 11. In the case
of the lower body, the sum of “recreated exactly” and “possible to guess” was
65%. Two of the choreographies were strikingly wrong due to a lack of steps.
Excluding those two choreographies, the total evaluation late increased to 78%.
To increase the percentage, we should record and archive more steps or suggest
an effective interpolating method.

Regarding the upper body, the sum of “recreated exactly” and “possible to
guess” was 57%. However, we did not choreograph upper body this time, which
means the choreographies of the lower body have a relationship with those of
the upper body. This is one special characteristic of ballet.

In case of the rhythm, the sum of “recreated exactly” and “possible to guess”
was 88%. This means the default beat of each step was correct.
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Fig. 10. An example of recreated 3DCG animation choreographed by a teacher
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Fig. 11. The evaluation result

6 Conclusion and Future Works

We have developed a system that supports the creation of classical ballet chore-
ographyin3Denvironments. We suggestedthestandardizationofmotiondatato
share choreography in the Web environment, which provides great opportunities
for all ballet dancers and makes available valuable motion data. To develop such
a Web-based choreography simulation system, we suggested a method for com-
posing and archiving 3DCG animation on the Web. This allows us to simulate
choreography interactively on the Web.

As aresult of an evaluation test, we verified that our system could success-
fully simulate some chains of steps in actual lessons, and we identified some
functions requiring further improvement. In future work, we intend to augment
the composing system by adding supporting functions such as body-part ma-
nipulation. We will also develop an automatic choreography system for actual
ballet lessons.
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Abstract. Today in many applications the study of human movement using a
computer vision and graphics techniques is very useful. One of these
applications is the three-dimensional reconstruction of the structure of the
human body and its movement using sequences of images and biomechanical
graphics models. In this paper we present a whole and general system to study
the human motion without markers but, in this case, we apply it to high-level
competition. This kind of study needs special procedures to do the analysis and
reconstruction of the person’s body, therefore the virtual human (avatar) must
have similar anthropometrical characteristics than the person who is doing the
movement.

We define a process to adjust the humanoid to the morphology of the person. It
could be very laborious and subjective if done manually or by selection of
points, but in this article we present a global human motion system capturing,
modeling and matching a semiautomatic process between the real person and
the modeled humanoid or synthetic avatar. Semiautomatic means that the
computers propose the best matching from previous frames and the user can
accept it or not.

1 Introduction

We will divide the general process of the system into four stages: in the first one, we
capture images of the person from different points of view and of the background, in
particular, up to four IEEE 1934 color cameras are used, that means that a
initialization process is needed to know the exact anthropometrical data of the person
that is moving in front of the cameras. In the second stage, we select the humanoid
with similar characteristics to the original individual, so the result of'this initialization
process is an avatar with the same segments length of the real person. This process is
need because in high-level sport activities the accuracy is very critical (in computer
vision tracking the precision or accuracy requirements can be reduced). In the
following stage we apply a semiautomatic process to obtain the humanoid adjusted to
the person’s measurements. The final goal is to reach an automatic recognition
process, but this is a challenging task, that we are solving with less accuracy and
under controlled environments. In the case of sport activities, a semiautomatic system
is a good trade-off solution between full automatic systems and commercial standard

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 239-248, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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systems using markers. The matching criteria propose a future pose of human
segments based in previous frames and the user select the best one. Manual joints
matching are not being done. The last stage combines the captured images and the
generated humanoid to verify the result of the process and study the values we are
interested in. We can use numerical data to make a deep study of performance of
movements or paint special lines or points in real and synthetic images to help the
trainer in the process of coaching to reach the perfect performance of the disabled
sport people.

In particular the actual system is being used in indoor spaces and controlled
environments. The system is also defined using new IEEE 1934 digital standards with
portable and low cost systems. In the following sections we explain the capturing,
modeling, and segmentation processes and also the matching criteria. Finally we
conclude with an explanation about the biomechanical parameters studied, some
interesting results and future work.

2 The Capturing Process and Modeling Humanoids

The tracking algorithm is divided in two parts: skin-color pixel detection and data
association. For each frame, first, we segment the skin-color pixels using a previous
learned probabilistically skin-color model and a blob analysis. Next, we use a
hypothesis based data association algorithm to label the skin-color detected pixels.
This algorithm uses a simple prediction step to the state obtained in the previous
frame to calculate the new hypothesis.

Here we introduce the basic ideas of capturing system and human modeling tools
developed specifically for this system. We know that isn’t critical point in research,
but good implementation can improve runtime requirements. Therefore the results of
this implementation have the following properties: versatility, independence of
hardware, oriented object programming, efficiency and easily parallelizable.

In the module of human definition, there are various specifications [2] for
humanoids; we have chosen the one created by the group h-anim' in VRML format
for its portability and adaptability to different applications. The humanoid is
composed of a collection ofjoints and segments structured in the form of a tree. Each
joint corresponds to an anatomical joint (knee, shoulder, vertebrae), for example with
each vertebra hanging from the one above, and the wrist joint hanging from the elbow
joint. Each joint has associated with it a segment, it represents, for example, the elbow
and the upper arm as its segment.

Each segment may have sites and displacers. A site corresponds to an endpoint,
such as the fingertips, while a displacer corresponds to an effect applied to the
segment. In particular we would like to define a multilevel system. That means that
depending on the accuracy of applications, the system may include more degrees of
freedom. For human motion recognition task particularly, the model is simpler and for
human graphical simulations the system is more complex. Also, a modeling editor has
been developed to adapt the human limitations of disabled people in this application.
Figure 1 show a snapshot ofthe biomechanical editor. A simple animation tool is also

! www.hanim.org
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included to generate simple kind of movements. The final expected result is a virtual
model of the real person compliant with H-anim standards.

Joints nomenclature:

1:HumanoidRoot/sacroiliac
(guided)

2: 1_hip (3 DOF)

3: 1 _knee (I DOF)

4: ] ankle (3 DOF)

5: 1_hip (3 DOF)

6: r_knee (1 DOF)

7: r_ankle (3 DOF)

8: v15 (3 DOF)

9: ve7 (3 DOF)

10: |_sternoclavicular (3 DOF)
11: |_shoulder (3 DOF)

12: 1_elbow (1 DOF)

13: |_wrist (3 DOF)

14: r_sternoclavicular (3 DOF)
15: r_shoulder (3 DOF)

16: r_elbow (I DOF)

17: r_wrist (3 DOF)

18: skullbase (3 DOF)

Fig. 1. and 2. H-anim biomechanical editor and Human Structure

Another property of the system is the independence between hierarchical structure
and graphical representation. That means, that we can change the graphical primitives
and represent the same biomechanical model with wireframe, shapes or volumetric
primitives. Of course a more simple biomechanical structure is used in the matching
process. In particular, the body structure used has one guidedjoint, 13 spherical joints
and 4 cylindrical joints. That means 43 degrees of freedom in total, but in special
cases the joints are simplified. In figure 2 we can see the simplified model.

3 Image Color Segmentation Procedure

Image segmentation is the first step in data extraction for computer vision systems.
Achieving good segmentation has turned out to be extremely difficult, and it is a
complex process. Moreover, it depends on the technique used to detect the uniformity
of the characteristics founded between image pixels and to isolate regions of the
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image that have that uniformity. Multiple techniques have been developed to achieve
this goal, such as contour detection, split and merging regions, histogram
thresholding, clustering, etc. A Survey can be found in [7]. In color image processing,
pixel color is usually determined by three values corresponding to R (red), G (green)
and B (blue). The distinctive color sets have been used with different goals, and
specific sets have even been designed to be used with specific segmentation
techniques.

We define a color image as a scalar function g = (g', &, &%), defined over image
domain Q ¢ R?* (normally a rectangle), in such a way that g: @ > R®, The image will
be defined for three channels, under the hypothesis that they are good indicators of
autosimilarity of regions. A segmentation of image g will be a partition of the
rectangle in a finite number of regions; each one corresponding to a region of the
image where components of g are approximately constant. As we will try to explicitly
compute the region boundaries and of course control both their regularity and
localization, we will use the principles established in [1, 8] to define a good
segmentation. To achieve our goals we consider the functional defined by Mumford-
Shah in [6] (to segment gray level images) which is expressed as:

E(u,B)= jZ(ui —g' )2 du+ 1(B) (1

Q i=

where B is the set of boundaries of homogenous regions that define a segmentation
and u (each #*) is a mean value, or more generally a regularized version of g (of each
g") in the interior of such areas. The scale parameter 4 in the functional (1) can be
interpreted as a measure of the amount of boundary contained in the final
segmentation B: if 2 is small, we allow for many boundaries in B, if 4 is large we
allow for few boundaries.

A segmentation B of a color image g will be a finite set of piecewise affine curves -
that is, finite length curves - in such a way that for each set of curves B, we are going
to consider the corresponding u to be completely defined because the value of each #'
coordinate over each connected component of Q \ B is equal to the mean value ofg’ in
this connected component. Unless stated otherwise, we shall assume that only one  is
associated with each B. Therefore, we shall write in this case E(B) instead of E(u, B).
A segmentation concept, which is easier to compute, is defined as follows:

Definition 1. A segmentation B is called 2-normal if, for every pair of neighboring
regions O; y O;, the new segmentation B' obtained by merging these regions satisfies
E(B') > E(B).

We shall consider only segmentations where the number of regions is finite, in
other words € \ B has a finite number of connected components and the regions do
not have internal boundaries.

A more detailed explanation ofthe concepts and their mathematical properties can
be consulted in [1, 8] and we can see the properties ofthe functional in [1,6]. The use
of these theoretical concepts in the case of multi-channel images (e.g. color images)
can be seen in [1]. We shall use a variation of segmentation algorithm by region
merging described in [8] adapted to color images.
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The concept of 2-normal segmentations synthesizes the concept of optimal
segmentation we are looking for, and it lays on the basis ofthe computational method
we use. The whole process is presented in a previous work [4]. For further
explanation please refer to this paper.

The algorithm uses the RGB components because the segmentations obtained are
very accurate to our goal. But the system is able to use other color space or color
descriptor as we can see in [7]. Moreover, if it is needed it can weigh the channels
used in order to obtain the segmentation. After the segmentation process we test every
region to detect skin regions. Skin color is a characteristic color that is very different
to other colors.

Skin color test is applied, but underwater skin regions are not detected due to water
distortion in light spectrum. In any case the results cases are not bad, and we are using
only standard images from commercial video cameras. In the future we plan to use
special light conditions and they might be infrared images. Some special clothing at
end effectors can also help us in the segmentation process.

Fig. 3. Arm and skin region segmentation

In the previous figures we can see some color segmentation results. Also we
include others segmentation results in Figure 5 with indoor testing images using green
chroma key for background.
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Fig. 5. Human body segmentation with uniform background

4 The Matching Criteria

In the proposed system, Figure 5 display a diagram of the task framework, the
matching process is the kernel. Our main objective is to find a one-to-one
correspondence between real and synthetic human body segments and joints, in every
frame, in 3D space. The humanoid matching is currently done semi automatically; we
are working on automatic process for a general indoor environment and, for the
moment we have reached promising results in cases where occlusions are not so long
in time. A trade off solution is a semi-automatic process that means, a human
interaction in matching process, but supervised by computer that avoids wrong
biomechanical postures. As we have mentioned above, the system can estimate a
posture from previous frames matching in time t.;. This estimation is based on a
function that evaluates visual parameters (contours, regions, color, etc.) and
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biomechanical conditions. The general method of this problem is known as analysis-
by-synthesis. As we know, to search quickly in a 43-dmiensional state is extremely
difficult; therefore we propose some set of conditions to reduce our space search.

The information captured comes from the color cameras in three positions. They
follow specific anthropometrics criteria, from which we obtain the desired
parameters. We use a database of predefined movements and models to help the
matching process. We can also use this knowledge to estimate new movements that
are not previously recorded. The semiautomatic matching process has certain
limitations of precision according to the models and the calibration of the cameras.
This process is based on a set of well-defined conditions.

The matching process associates each joint with a 2D point in the image. This
process consists on analyzing each image obtained from the cameras in an instant of
time £. Once we have the articulation located in two or more cameras we estimate the
most accurate 3D point; ajoint may only be detected in one or none image, therefore
the process will have to be completed with contextual information from a higher
level. Analyzing the sequence, we are able to apply physical and temporal restrictions,
which help us to carry out the matching and to reduce the errors and the search space.
This adjustment process is conditioned by a set of conditions, which are optimized in
each case and type ofmovement. The restrictions are:

— Angle and distance limitations of the joints.

— Temporal continuity ofthe movement in speed or acceleration.

— Prediction of the movement based on a database of known movements, in the case
ofhaving non-visible joints.

— Collision of entities.

This matching process works currently in an automatic way for simple movement
parallel to the camera plane and in a semiautomatic way in complex environments,
thus making that it is possible to work at different levels of precision depending on
the application the results are required for.
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Fig. 6. Our proposed system and task framework
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In Figure 7 we display some matching results. In this case, the matching is done
semi-automatically and without calibration.

Fig. 7. Matching examples with non-calibrated cameras

5 Biomechanical Parameters Studied

To study a specific swimming human model we need a set of well-defined
parameters. The following list includes the most important ones. The final aim of this
work is to obtain all these parameters in an automatic way. Unfortunately we know
that this task is very complex and challenging, so at the moment only a subset are
reached with computer vision segmentation and analysis techniques:

— Defining the skew of upper limbs in order to make a difference in the
biomechanics performance between swimmers.

— Calculating and observing the movement ofthe gravity center

— Defining the anthropometrics parameters of several segments:

b)

Length of both lower limbs,

Length of both upper limbs,

Total length of each half-body,

Distance between both acromioclavicular articulations,

Distance from each lower limbs to the vertex,

Length oftrunk: distance between the suprasternal point and the middle point
between both hips,

Length of the three segments of the left upper limb: From the
acromioclavicular to the olecranon, g.2) From olecranon to the styloid
apophysis and g.3) From the styloid apophysis to the distal phalanx of the
finger.

At the moment, all these parameter are computed in a manual or semiautomatic
way. Only a subset is computed automatically (for example: center mass point).
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6 Conclusions

In this paper we have presented a whole system to analysis and synthesize human
movements. The main outstanding research and contributions are: a) Robust
programming of a digital IEEE1934 synchronized and portable low cost capturing
system (that’s isn’t a non trivial task!), b) Biomechanical compliant human modeling
from our vision oriented model to an H-Anim, c) Robust color segmentation process
using solid mathematical background theory, d) Semiautomatic matching process
based on rules from images features and biomechanical conditions ¢) Good accuracy
application with supervised matching criteria in real sport activities and handicapped
users. The system isn’t really full automatic, but much better than manual systems (in
time processing and accuracy). In general the final system should allow us to detect,
follow, and recognize the activities of one or more people in a scene [4]. The part
presented allows editing the humanoid only under supervision, but a possible
extension would be obtaining cinematic and dynamic means with a view to more
sophisticated applications. In fact, a determined level of precision will be defined
according to the application.

This work is framed within a more general project of analysis and synthesis of
human movement using techniques of digital image processing and computer vision.
Is very important to remark that the system proposed is non invasive and does not use
markers on people. The biomechanical model is also over placed on real images and
we don’t need individual manual digitalization for every frame and an interactive
feedback with the model is possible in real time processing.

The last part presents the adaptation of the proposed system to the analysis of
sports motion in all possible variations, in particular for people with several physical
limitations. Obviously each discipline has its parameters of interest, which will be
defined by the user or specialized technician. The precision of the system is adequate
for indoor sequences. We have problems with water interferences in segmentation
process and we plan to include underwater images in near future. We are working to
improve the segmentation process and reach the biomechanical data as automatically
as we can. The manual interaction must be avoided to reach more precision in human
matching. We are working with filtering estimation using predictive methods and
dynamic and kinetic control of biomechanical solution proposed.
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Abstract. Active Contours constitute a widely used Pattern Recognition
technique. Classical active contours are based on different methodologies. This
paper reviews the algorithm paradigms most frequently utilized in active
contours (variational calculus, dynamic programming and greedy algorithm) in
a practical application, comparing chemical data with computer vision results.
An experiment has been designed to recognize muscles from Magnetic
Resonance (MR) images of Iberian ham at different maturation stages in order
to calculate their volume change, using different active contour approaches.
Our main findings can be summarized as two: The feasible application of active
contours to recognize muscles in MR images, and the early way to automate the
ripening process for Iberian ham.

1 Introduction

Active Contours (or snakes) is a low-level processing technique widely used to
extract boundaries in many pattern recognition applications [3, 7]. In their
formulation, active contours are parameterized curves, defined by an energy function.
By minimizing this energy function, the contour converges, and the solution is
achieved. An Active Contour is represented by a vector, v(s), which contains all of
the n points of the snake. The functional energy of this snake is given by:

E= [[Bp (V) + E e ()] s 1)
Ey = o(s)v, () + B, (s)° @)
Epage ==V VIM)) 3)

where v, and v, are the first and second derivatives of v(s), with respect to s,
respectively, and ¥7 is the gradient of the image .
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Energy-minimizing Active Contour models were proposed by Kass ef al. [9]. They
developed a controlled continuity spline which can be operated upon by internal
contour forces, images forces, and external forces which are supplied by an
interactive user, or potentially by a higher level process. An algorithmic solution
involves derivation ofthis objective function and optimization ofthe derived equation
for finding an appropriate solution. However, in general, variational approaches do
not guarantee global optimality ofthe solution [1].

On the other hand, Amini et al. [1] also proposed a dynamic programming
algorithm for minimizing the functional energy. However, the proposed algorithm is
slow, having a great complexity. Williams and Shah [13] developed a greedy
algorithm which has performance comparable to the dynamic programming and
variational calculus approaches.

Active Contours could be used as a pattern recognition technique. A practical
application of them could be employed to recognize muscles of Iberian ham images
[4, 5]. Particularly, Iberian ham images have been processed in this research in order
to find out some characteristics and reach conclusions about this excellent product.
The evolution ofthe ripening ofthis meat product has been studied, acquiring images
in different stages during the maturation process. The ripening of the Iberian ham is a
lengthy procedure (normally 18-24 months). Physical-chemical and sensorial
methods are required to evaluate the different parameters in relation with quality,
being generally tedious, destructive and expensive [2]. Traditionally, the maturation
time is fixed when the weight loss of the ham is approximately 30% [6]. So, other
methodologies have long been awaited by the Iberian ham industries.

The use of image processing to analyze Iberian products is quite recent. Processing
images from Iberian ham slices taken by a CCD camera is a first approach. However,
although Computer Vision is essentially a non-destroying technique, ham pieces must
be destroyed to obtain images using these techniques.

On the other hand, MRI (Magnetic Resonance Imaging) offers great capabilities to
non-invasively look inside the bodies. It is widely used in medical diagnosis and
surgery. It provides multiples planes (digital images) of the body or piece. Its
application to the Food Technology is still recent and it is confined for researching
purposes.

In this work, three algorithm paradigms in active contours have been developed,
variational calculus, greedy algorithm and dynamic programming, in order to
recognize the two main muscles structures in the Iberian ham (biceps femoris and
semimembranosus muscles). The experiment has been designed having Magnetic
Resonance (MR) images from four different stages during the maturation ofthe ham
(raw, post-salting, semi-dry and dry-cured). The main aim is to recognize muscles
processing MR images, to determine the volume of ham, and to study their changes
during the ripening process. This main objective is an attempt to provide a computer
vision alternative to the traditional methods of determining the optimal ripening time.
A second goal is to find out if there is a method which does not work fine, and,
eventually, to compare the physical and computer vision results.
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2 Data Set

The presented research is based on MRI sequences of Iberian ham images. A
technique to recognize the main muscle form (bicepsfemoris and semimembranosus)
is employed. Six Iberian hams have been scanned, in four stages during their ripening
time. The images have been acquired using an MRI scan facilitated by the “Infanta
Cristina” Hospital in Badajoz (Spain). The MRI volume data set is obtained from
sequences of T1 images with a FOV (field-of view) of 120x85 mm and a slice
thickness of 2 mm, i.e. a voxel resolution of 0.23x0.20x2 mm. As a result, a great
image data base is obtained, selecting from it a subset of images which contains both
muscles of interest. The total number of images of the obtained database is 600 for
the biceps femoris, and 504 for the semimembranosus muscle. So, the total amount of
images is 1104.

3 Methodology

Three different algorithm paradigms in active contours (variational calculus, greedy
algorithm and dynamic programming) have been proven in order to obtain results
using several methodologies (section 3.1). Afterwards, the practical application of
these three methodologies over MR Iberian ham images from different maturation
stages will be shown in 3.2.

3.1 Classical Active Contour Approaches

An Active Contour is represented by a vector, v, of points [3]. The complete energy
functional in all the developed methods is given by:

E = Z {aEcam + ﬂEcurv + JEimage} (4)
Ecam = a_|v1 —vl~1| (5)
Eeun=|Vis - 2v; + vius|? 6)

V2]
Eimage == e (7)

The internal energy of the contour consists of continuity energy (Econ) plus
curvature energy (Ecuv). Eimage represents the proper energy of the image [10, 14]. All
the energy terms are normalized to produce similar effects to the solution. o, B and y
are values chosen to control the influence of the three energy terms [11, 12]. Table 1
shows the different values used in each method. These final values have been
calculated empirically, and the most important detail to highlight is the image energy
is always higher than the sum ofthe other two energy terms.
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Table 1. Parameters used to weigh up the energy terms

Method o B Y
Variational 0.4 0.4 12
Dynamic 0.4 0.4 2.4
Greedy 0.4 0.4 1.2

Although most of the active contour algorithm and practical approaches consider a
fixed number of n points for the snake, the three different active contour approaches
developed in this work maintain a variable number, n, of points ofthe snake. This is
the best way to ensure the finest muscle recognition. To achieve that, two distances
have been consider, d,,. and d,;». When two consecutive points of the snake exceed
the maximum distance between points dn., a new point appears between the two
original points. In such a way, when two consecutive points go beyond the minimal
distance dnm, one of them disappears. As a result, the total number of points of the
snake varies from one iteration to another, adjusting perfectly the final snake to the
pattern.

The variational calculus approach is based on the finite difference method
proposed by Kass et al. [9]. By approximating the derivatives in equation (1) with
finite differences, and converting to the vector notation described in [14], this
equation is written in a compact matrix form. This one can be solved iteratively by
matrix inversion, using the Lower and Upper triangular decomposition, a well-
known technique in linear algebra. A detailed description ofthe principle behind this
numerical method is described in [8, 14]. Moreover, as external force, the Gradient
Vector Flow proposed in [14] has been used, which computes as a diffusion of the
gradient vectors ofa gray-level map derived from the image. In this way, a first active
contour method has been implemented, achieving the initial group of results. If'there
are n points for the snake, and m directions at each point (neighborhood), each
iteration has complexity O(rnm?).

On the other hand, the developed dynamic programming approach is based on
the method proposed by Amini [1]. Although it is natural to view energy
minimization as a static problem, to compute the local minima ofa functional such as
equation (1) it is possible to construct a dynamical system that is governed by the
function and allow the system to evolve to equilibrium. The efficiency of this
technique consist in solving subtasks just the once, storing theis partial solutions in a
table for its future reutilization. Following these ideas, a dynamic programming active
contour has been designed and used to reach a set of results, having complexity
O(mnm’).

Finally, the implemented greedy algorithm approach is based on the Williams and
Shah’s proposals [13]. This technique achieve the final solution by steps, trying to
take always an optimal decision for each stage. The algorithm is iterative, and it
considers a square mxm neighborhood for each point of the snake. The energy
function is computed for the current location of v; and each of its neighbors. The
location having the smallest value is chosen as the new position of v;. Using this
methodology, the last active contour approach has been developed, with a complexity
O(nm), obtaining the last set of results.
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3.2 Practical Application: Active Contours on Iberian ham MRI

An experiment was designed using the three considered methods above to study the
ripening process of the hams. Four stages were selected: raw, post-salting, semi-dry
and dry-cured, acquiring MR images of the hams in each of the stages. The initial
analysis began with 15 hams in the raw stage. Moreover, three hams were destroyed
and the muscle pieces were extracted by an expert in each stage to realize the
chemical analysis on biceps femoris and semimembranosus muscles. For this reason,
there only were 12 hams in the post-salting stage, 9 in the semi-dry stage, and finally
6 hams in the dry-cured stage. Therefore, there only are MR images in the four stages
for the six considered Iberian hams.

As a previous step, a pre-processing stage is introduced, in order to obtain the
values used as image energy. A 7x7 Gausian filter has been used to smooth the
images at this stage, as well as a 3x3 Sobel operator. The resulting images were
equalized and converted to binary images, removing noisy pixel from them and
calculating the potential fields used as external force for the snakes. These potential
fields were calculated as a degradation (diffusion) of the binary edge map derived
from the image.

In addition, the initial snakes for all the images have been previously calculated
too. Searching in the potential fields matrixes in order to find the points with the
smallest values is required. The key is to distribute all the points of the contour
surrounding all those points of the image with smallest potential field values. In this
manner, it is ensured that the snake will evolve towards the edges of the object,
searching for points with levels of energy smaller than the energy values ofthe points
in the initial snake.

Once the complete database of images and the initial values ofthe snakes for these
images are obtained, the application of Active Contours to compute the area of the
muscle is needed. Every of the three active contours methods exposed above
(variational calculus, greedy algorithm and dynamic programming) have been
developed, obtaining three different sets of results.

Each of the obtained final snakes determines the surface of the muscle over the
image. The final step computes surfaces and volumes for the extracted muscles. The
surface for all the final snakes of the ham has been calculated using the classical
methods in analytical geometry. Knowing the surfaces for the ham images and the
distance between slices is possible to determine the volume for the whole muscle.

Eventually, in average, the error made has been estimated at less than 10%,
considering the manual expert delineation ofthe muscles compared with the final area
ofthe snake-segmented muscle.

Figure 1 contains MR images with the final snake for both bicepsfemoris (a) and
semimembranosus (b) muscles. Figure 2 corresponds to the stages of the designed
experiment.
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a) Biceps femoris muscle b) Semimembranosus muscle

Fig. 1. Illustration of Iberian ham MR images, which include the detection of the muscles

IMAGE IMAGES OF IMAGE
SELECTION E> INTEREST PREPROCESSING

SURFACE APPLYING INITIAL
AND VOLUME <:| ACTIVE CONTOURS <:' CONTOUR

Fig. 2. Stages of the practical application
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4 Results and Discussion

The practical application of the three active contour methods shows the volume
reduction of the Iberian ham biceps femoris and semimembranosus muscles during its
ripening stages.

Iberian ham weight reduction (%)

100,000 -

Ham 1 Ham 2 Ham 3 Ham 4 Ham 5 Ham 6

‘ Raw M Post-salting O0Semi-dry B Dry-cured l

a) Physical results, obtained by weighing manually the hams

Iberian ham size reduction (%)

Ham 1 Ham 2 Ham 3 Ham 4 Ham 5 Ham 6

‘ Raw M Post-salting [0 Semi-dry B Dry-cured

b) Computer vision results, obtained by applying active contours automatically

Fig. 3. Weight (a) and size (b) reduction during ripening time in Iberian hams
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It is expected the ham to be cured when its weight loss is approximately 30%,
percentage established by tradition. Fig. 3.-a shows how all the six hams ensure this
traditional rule. These results have been obtained weighing manually the hams.

On the other hand, considering the results obtained by the three different active
contour techniques, it is particularly interesting to emphasize that they are certainly
similar, independently of what method is used. Fig. 3.-b shows the volumetric
evolution of the hams in the same four maturation stages, using the results obtained
by computer vision techniques. It is significant the results have not been substantially
different between both physical and computer vision results.

Figure 4-b shows the average of three bicepsfemoris weight reduction during the
ripening process in each stage. The obtained results using the three active contour
methods are shown in figure 4-a. Both physical and computer vision results are
certainly comparable. Similarly, figure 5 shows the same results corresponded to
semimembranosus muscle. The physical extraction of this last muscle by Food
Technology experts is a complex procedure. For this reason, it is assumed the
produced inaccuracy between the post-salting and semi-dry stages (figure 5-b).
However, from a positive point of view, the obtained results by the three active
contour methods coincide with what were expected (figure 5-a).

Biceps femoris reduction (%)

(a

Variational Calculus Greedy Algorithm Dynamic Biceps femoris
Programming (manually)

DRaw m Post-salting 00 Semi-dry @ Dry-cured

Fig. 4. Size (a) and weigh (b) reduction during ripening time for the biceps femoris muscle

The results presented in figures 4 and 5 demonstrate a size reduction ofup to 50%
as an average score going from the initial phase (raw) to the last stage (dry-cured), 21
months after the initial stage.

Food Technology specialists have estimated the total weight decrease in the
Iberian ham to be 30% during the same time. Thus, a relationship between the ham
weight decrease (30%) and muscle reduction (50%) could be first established for
maturation as an approximation. A more detailed study is carried out in our approach:
Weight decreases may be caused by the loss of water during maturation time. Optimal
ripening time could not be the same for different Iberian hams. In addition, by
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studying the percentage rate of volume reduction during the ripening process, it was
possible to predict the optimal maturation point.

Semimembranosus reduction (%)
(a) (b)

100 -

80 -

60

40 -

20 4

0+ y
Variational Calculus  Greedy Algorithm Dynamic Semimembranosus
Programming (manually)

ORaw M Post-salting O Semi;d_r—yvl Dry-cured i

Fig. 5. Size (a) and weigh (b) reduction during ripening time for the semimembranosus muscle

5 Conclusions

This paper has proved the real viability of the three classical active contour
approaches for muscle recognition in MRI. In addition, a comparative study between
physical (chemical and sensorial analysis) and computer vision results have been
achieved, verifying the robustness of the employed methodology. Moreover, the
practical feasibility of applying Computer Vision techniques, in conjunction with
MRI, to automate optimal ripening time in Iberian hams, constitutes a key finding in
our research. Such computer vision techniques may introduce new and alternative
methods for future work, which together with traditional chemical processes, may
serve to evaluate different physical properties that characterize the Iberian ham.
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Abstract. We describe a robust real-time 3D tracking system of the extreme
limbs of the upper human body, i.e., the hands and the face. The goal of the
system is that it can be used as a perceptual interface for virtual reality activities
in a workbench environment. The whole system includes an input capture and
calibration module, a real time color segmentation module, a data association
and tracking module and finally a visualization VRML and H-ANIM procedure.
The results of our probabilistically skin-color segmentation are skin-color
blobs. Then, for each frame of the sequence our algorithm labels the blobs’
pixels using a set of object state hypothesis. This set of hypothesis is built from
the results of previous frames. The 2D tracking results are used for the 3D
reconstruction of limbs position in order to obtain the H-ANIM visualization
results. Several results are presented to show the algorithm performance.

1 Introduction

In actual computer systems the interaction is going to a non-contact devices, by
means of perceptual and multimodal user interfaces (PUIs and MUIs). That’s means
that the system allows the user to interact without physical contact with the machine;
this communication can be carried out with voice or user gesticulation capture. We
are especially interested in visual information, so recognize the human presence in
color video images. Exist many precedent work developed in this hot topic: in [3]
including finger detection with multi-scale color approach, in [8] in real time for
virtual reality applications but in 2D, in [9] to human grasping but using infrared
images including a hand model with 15 joints (20 D.O.F.). For our purposes, we
would like to define a general, robust and efficient system that can be used with non-
expensive analogical or digital cameras (using day light spectrum) and can recover
3D hands and face pose ofthe human person in real time. Capture is carried out from
digital IEEE 1394 color cameras. The process is applied to stereo cameras to recover
3D positions. In the presented paper is used a high quality workbench but the system
is adaptable to others less expensive systems.

The global process must detect a new user entering the system and analyze him/her
to determine parameters such as hair color and clothes. Once the user who is going to
interact with the machine has been detected, the system starts to track interesting
regions such as the head, hands, body and joints, using information obtained in the
user detection task. The input data for the gesture interpretation process are the

F.J. Perales and B.A. Draper (Eds.): AMDO 2004, LNCS 3179, pp. 259-268, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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position and orientation of these regions. This process will determine which gesture
the user has carried out. Next, these gesture data are sent to the execution process,
which ends the process by performing the action that has been specified, and so
completing the feedback process. This is a very complex and challenging task, so we
isolate sub problems to make it more tractable. Then we present in this paper the face
and hands segmentation and tracking.

Our previous work, define a segmentation algorithm based in functional
minimization procedure [10, 11] but this robust method is time consuming and non
applicable to virtual reality application where the delay time must be very short (less
40 ms). So in this paper we propose a more simple segmentation algorithm and
heuristic classification and tracking procedure based in a set of rules.

In the following section, we explain briefly the tracking method proposed
including the skin color pixel detection and training. Also we present our hypothesis
generation and applications and finally we conclude with some examples and
visualization results in VRML format and H-Anim [12] avatar compliant. This work
is an adapted version from a more computational cost version of [5, 10] improving the
computational efficiency to apply in virtual reality environments.

2 Tracking of Face and Hands

The tracking algorithm is divided in two parts: skin-color pixel detection and data
association. For each frame, first, we segment the skin-color pixels using a previous
learned probabilistical skin-color model and a blob analysis. Next, we use a
hypothesis based data association algorithm to label the skin-color detected pixels.
This algorithm uses a simple prediction step to the state obtained in the previous
frame to calculate the new hypothesis.

2.1 Skin-Color Pixel Detection

As we have explained before, we have another proposed method based in more solid
mathematical background but are very expensive in computational cost. So we would
like to define new systems that can be run in real time and oriented to virtual reality
applications, in particular interactive workbench activities with no contact devices.
The assumption that color can be used as a cue to detect faces and hands has been
proved in several publications [1,2,10,11]. Usually, it is necessary to model the actor’s
skin-color in a previous step. In our work we use only one image ofthe actor to build
this model. The user selects manually the regions of the image that contains skin-
color pixels, also this procedure can be done in a automatic way, we are working in
this process. Next, we transform these pixels from the RGB-space to HSL-space to
take the Hue and the Saturation values for each pixel, that is, the chroma information.
These values for the selected pixels are the data samples used to learn the skin-color
model:

X =(X,....X, ),



Real Time Segmentation and Tracking of Face and Hands in VR Applications 261

where 7 is the number of samples and x; =(h;,s;) . We have proved several statistical
models and finally the best results has been obtained using a Gaussian model:

H=;11'_2xi’ 2=%Z(xi—“’i)'(xi_“’i)‘-r ¢y

Once the skin-color model is built we can calculate the probability that a pixel is skin
colored:

1 VT
P(X):——2 AT )
y(2r)'[z]

Then, in order to detect the skin-color pixels in each frame of the sequence we
compute the probability for all the image pixels. In Fig. 1 can be show some results of
this process, it can be seen how this model performs well in several environmental
conditions.

Fig. 1. Examples of skin-color probabilities using the model proposed.In the first row we show
one frame for a sequence with normal illumination, and in second row with a proper
illumination to correctly see the workbench screens

However, it is necessary to refine the results of pixel probabilities to obtain an
image with only the pixels belonging to the interesting blobs: the face and the hands.
Therefore, we define a posterior hysteresis process to obtain the skin-color blobs. All
the image pixels with probability P>T,,, are considered as being skin colored. These
pixels constitute the seeds of potential blobs. More specifically, image pixels with
probability P>T,,,, where Tp,,< Tna, that are immediate neighbours of skin-color
pixels are recursively added to each blob. We actually use Tpm=0.05 and Tpe=0.15.
In Fig. 2 we show the final results of skin-color detection.
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Fig. 2. Contours of'skin color regions after the hysteresis process

The final step in the skin-color pixel detection is the computation of the attributes
of each blob (centroid and size) that will be used in the tracking process to represent
the state of actor’s face and hands.

2.2 Data Association

At each frame, we represent the state of the face and hands using a set of hypothesis.
Each hypothesis is composed by the position and size of the actor’s face or hand (from
now, limb). The proposed method to track a limb operates as follows: for the frame of
time t the aim is to associate the skin-color blobs with the limb hypothesis in time z-1.
The objective of this association is to propagate in time the labels that represent the
face, the left hand and the right hand, and to detect when a limb appears in the scene
and disappears from the field of view.
We assume that at tune #, M blobs have been detected using the skin-color model,

B={b,,....b,,..,by}.

Each blob &;, corresponds to a set of connected skin-color pixels. Note that a blob
may correspond to one of many limbs. As an example, two crossing hands are two
different limbs that appear as one blob when one occludes the other. Let N the number
of visible limbs present in the viewed scene at time ¢ (N<4). We assume that an
ellipse can approximate the spatial distribution ofthe pixels.

Then, the state of a limb i can be represented by:
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h; =(cxi,cyi,(xi, i),

where (cx‘ ,cyi) is its center and (o,pB,) are the lengths of semiaxis. The union of

limb states is denoted by:
H={h}, i<3.

Tracking amounts to determining the relation between limb states (%) and
observations (b)) in time. The first subproblem can be present when a new limb
appears in the field of view. In order to cope with this problem, we define the distance
D(p,h) ofa pixel p = (x,y) from a ellipse (i.e., limb state) as follows:

D(p,h)=vv-v', ©)]

_|X=c Y75
v—( « P ) @

From the definition of D(p, h) it turns out that its value is less than 1 if p is inside

ellipse h, and greater than 1 if it is outside. Considering a state 4 and a point p
belonging to a blob b, if distance is less than 1, we conclude that the blob b support
the existence of the part hypothesis # and that part hypothesis 4 predicts blob b. Now,
ifa new part appears in the scene implies that none ofthe existing hypothesis predicts
the existence ofthe corresponding blob b:

where

Vpe b, Igilgl{D(p,h)} >1. (%)

The Eq.5 describes a blob with empty intersection with all ellipses of the existing
limb hypothesis. Algorithmically, at each time t, all detected blobs are tested against
the criterion of Eq.5. Ifa blob not belongs to any hypothesis, a new limb hypothesis is
created and their corresponding parameters correspond to the blob parameters.

After appearing limbs have been detected, all the remaining blobs must support the
existence of limb hypothesis. The main task of the tracking algorithm is to associate
blobs to limb hypothesis. We use two rules to make this association:

— Rule 1: ifa pixel p ofa blob is inside of a limb hypothesis then this pixel is labeled
with the hypothesis number. Formally

R, ={peB [D(p,h)<1 }. 6)

— Rule 2: ifa pixel p of a blob is outside of all the ellipses, then it is labeled to the
hypothesis number that is closer to it. Formally

R, ={pe B D@, =min{De, 1} | G
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These two rules permit the treatment of limbs occlusion if pixels belonging to a
blob can be labeled with more than one hypothesis number using the rule 2, see
Fig. 3.

Fig. 3. Occlusion treatment using multiple labeling and rule 2. Object hypothesis are depicted
using ellipses

Another interesting case can happen when finish the occlusion and then a
hypothesis is supported by more than one blob (split case). In this case, the hypothesis
is assigned to the blob with which it shares the largest number of pixels. Finally, a
limb hypothesis should be removed either when the limb moves out of scene.
Following our algorithm, a hypothesis is removed when:

Vpe B,D(p,h)>1 . ®)

To conclude, once all the above case have been treated for a frame, the resulting
limb hypothesis are used to maintain the limb states, that is to know the position and
size ofhead and hands. Once the state has been estimated, they are propagated in time
to the next frame using a linear scheme of prediction:

C,()=C,()+AC,(1),

®
AC (1) =C,()-C,(t-1),

where C,(t) = (cxi ,C,. ) . The above equations say that a part wills maintain the same

velocity on the image plane. Some experimental results showed in Fig. 4.

2.3 3D Position Estimation

At the initialization step a calibration process is carried out using OpenCV library
functions and a check board as calibrator object. The calibration process is showed in
Fig. 5.

Finally, we use the calibration parameters computed and the state of each limb, see
Fig. 6, in order to estimate their 3D positions.

The complete procedure can be seen in Fig. 7.
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Fig. 4. Experimental results of 2D-Tracking of head and hands

Fig. 5. Calibration process in the initialization phase

Fig. 6. Extreme limbs states used for 3D estimation in a workbench session
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Fig. 7. Complete procedure: color segmentation, data association and 3D reconstruction

3 Visualization Using VRML and H-Anim Avatar on Workbench

Hands and head tracking system obtain 2D coordinates from two stereo cameras. Due
to a previous calibration process, is able to compute 3D position. This information is
needed to display the data in real time on a Barco Consul Workbench. That’s mean
that a human virtual avatar can be reproduced in a remote workbench. The final
objective ofthis process is to recover in high precision the 3D position and orientation
of the hands and face in the interactive applications. In the human model
representation we use the H-Anim standard that’s mean that we can collaborate with
standard VRML models.

At the moment we use IEEE1394 digital videocameras and high quality workbench
but the system must be portable in near future to low cost systems (web cams, and
domestic virtual reality environments).

3D position is computed for every blob, projecting the centroid of the blob on each
image to infinity and compute 3D coordinate as the nearest point to this two lines.

Hands and head are modeled with a VRML file, extracted from a H-Anim
humanoid, see two different reconstruted views in Fig. 8.

In the web site http://dmi.uib.es/research/GV/amdoResults2004 you can view and
download some video examples of captured data and VRML demos. Also we can
combine the synthetic avatar with real human in workbench in real time, as we can
see in Fig 9.

At the moment only 3d position is really computed, so we must to consider the 3D
orientation and check the precision of this reconstruction against commercial tracking
systems based in ultrasound technology. This comparison must be evaluated in
relation commercial cost/precision results.

Also we plan to reconstruct the fingers positions to understand the actions that the
user plans to do in relation with the interactive process in workbench. So a more
carefully analysis must be done [9].
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Fig 8. 3D Reconstruction in VRML

Fig 9. An example of HCI in virtual reality applications

4 Conclusions and Future Work

In this paper we have proposed a new system for 3D tracking of human extreme
limbs, hands and face, for HCI in real time. Moreover, it analyses the user to
determine parameters that will be useful for tracking process that's include an
heuristic method based in a well define set of rules. The pixel segmentation process is
based on the colour pixel classification hypothesis based data association algorithm.
Besides, the process is carried out in real time. The software implementation is
efficient and OOP. The result ofthis process is the tracking and reconstruction of face
and hands in 3D to be able a human computer interaction system for virtual reality
environments.

It remains as future work to do tracking of interesting body parts and to interpret
movements in order to carry out action recognition that the user is performing. So we
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must to improve the precision results and more precise primitives must be defined to
track fingers and face parts to know exactly eyes directions and gaze orientation.
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