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Preface

It is with great pleasure that we welcome you to the Proceedings of the 3rd In-
ternational Symposium on Visual Computing (ISVC 2007) held in Lake Tahoe,
Nevada/California. ISVC offers a common umbrella for the four main areas of
visual computing including vision, graphics, visualization, and virtual reality. Its
goal is to provide a forum for researchers, scientists, engineers and practitioners
throughout the world to present their latest research findings, ideas, develop-
ments, and applications in the broader area of visual computing.

This year, the program consisted of 14 oral sessions, 1 poster session, 6 special
tracks, and 6 keynote presentations. Following a very successful ISVC 2006, the
response to the call for papers was almost equally strong; we received over 270
submissions for the main symposium from which we accepted 77 papers for oral
presentation and 42 papers for poster presentation. Special track papers were
solicited separately through the Organizing and Program Committees of each
track. A total of 32 papers were accepted for oral presentation and 5 papers for
poster presentation in the special tracks.

All papers were reviewed with an emphasis on their potential to contribute
to the state of the art in the field. Selection criteria included accuracy and orig-
inality of ideas, clarity and significance of results, and presentation quality. The
review process was quite rigorous, involving two to three independent blind re-
views followed by several days of discussion. During the discussion period we
tried to correct anomalies and errors that might have existed in the initial re-
views. Despite our efforts, we recognize that some papers worthy of inclusion
may have not been included in the program. We offer our sincere apologies to
authors whose contributions might have been overlooked.

We wish to thank everybody who submitted their work to ISVC 2007 for
review. It was because of their contributions that we succeeded in having a tech-
nical program of high scientific quality. In particular, we would like to thank
the ISVC 2007 Area Chairs, the organizing institutions (UNR, DRI, LBNL,
and NASA Ames), the industrial sponsors (Intel, DigitalPersona, Equinox, Ford,
Siemens, Hewlett Packard, MERL, UtopiaCompression), the International Pro-
gram Committee, the special track organizers and their Program Committees,
the keynote speakers, the reviewers, and especially the authors that contributed
their work to the symposium. In particular, we would like to thank Siemens,
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Hewlett Packard, and MERL who kindly offered three “best paper awards” this
year.

September 2007 ISVC 2007 Steering Committee and Area Chairs
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Abstract. We present a markerless real-time, model-based 3D face
tracking methodology. The system combines two robust and complimen-
tary op-timization-based strategies, namely active contours and mutual in-
formation template matching, in order to obtain real-time performances
for full 6dof tracking. First, robust head contour estimation is realized by
means of the Contracting Curve Density algorithm, effectively employing
local color statistics separation for contour shape optimization. Afterwards,
the 3D face template is robustly matched to the underlying image, through
fast mutual information optimization. Off-line model building is done using
a fast modeling procedure, providing a unique appearance model for each
user. Re-initialization criteria are employed in order to obtain a complete
and autonomous tracking system.

Keywords: Real-time Face Tracking, Nonlinear Optimization, 3D Tem-
plate Matching, Mutual Information, Active Contours, Local Statistics
Contour Matching, 3D Face Modeling.

1 Introduction

Real-time 3D face tracking is an important problem in computer vision. Several
approaches have been proposed and developed with different model definitions,
concerning shape, degrees of freedom, use of multiple appearance/shading tem-
plates, use of natural facial features, etc.; a careful choice of model complexity
is a critical issue for real-time tracking, often forcing to resort to approximate
solutions, in terms of the output provided to the end user or to subsequent
processing modules.

The focus of this paper concerns fast and reliable 6dof face pose estimation
and tracking in real-time, based on a hierarchical integration of two robust high-
level visual modalities. In order to motivate our approach, we first consider
here related state-of-the-art methodologies, from the available literature on the
subject.

The system proposed in [I] employs a robust multi-layer fusion of different
visual cues in the hierarchical framework named IFA [2], proceeding from coarse
to accurate visual modalities, and providing the result from the top-level tracker
as output; in this work, simple template and feature point models are used at
the high levels.

G. Bebis et al. (Eds.): ISVC 2007, Part I, LNCS 4841, pp. 1-[12] 2007.
© Springer-Verlag Berlin Heidelberg 2007
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Other approaches, using natural face features detection and tracking in a
monocular setting, have been presented in [3][4]. In paticular, in [3] a 3D face
model is fitted by matching features across subsequent frames, with an approach
combining RANSAC [5] and Particle Filters [6] under frame-to-frame epipolar
constraints. [4] combines on-line and off-line information by matching local fea-
tures and optimizing a robust least-squares global cost function. Although this
approach can provide a better stability, precision and speed, due to the use of
local optimization techniques, the joint use of online and offline information may
pose additional choices, concerning the overall cost function parameters, and the
models required for tracking.

Template-based approaches also show to be well-suited for face tracking tasks,
concerning both precision and robustness issues. In [7], shape and appearance
parameters are optimized at the same time under a 2D piece-wise affine defor-
mation model; although the 3D pose of the face is not directly provided by the
estimation algorithm, it can be subsequently estimated from the set of 2D pa-
rameters, at the price of quite complex computations involving a Kalman-filter
based methodology [8]. The approach [9], closer to ours, directly employs a full
3D shape and appearance template, with multiple appearance models and robust
nonlinear least-squares optimization. The 3D shape of the face is used together
with multiple texture models of the user under different light conditions; these
informations are provided off-line.

Generally speaking, the need for multiple light/appearance models can con-
stitute a major drawback of most template-based approaches, forcing the user
to provide off-line several reference images for the textured model. This motiva-
tion leads to consider more general similarity functions for template matching,
in order to provide robustness of the system while using a few, or even a single
appearance model, during all of the tracking task.

Motivated by the previous considerations, in this paper we propose a novel
model-based approach fusing two complimentary visual modalities, namely ac-
tive contour head tracking and face template matching; both modules are based
on fast, local optimization of robust cost functions, and at the same time require
off-line a minimal set of modeling operations. The paper is organized as follows:
Section 2 describes the framework for providing the textured template. Section
3 states the overall tracking algorithm. Section 4 deals with the solution to head
contour fitting, employing a fast implementation of the CCD algorithm, while
Section 5 describes robust template matching optimizing mutual information
similarity index. Finally, Section 6 provides experimental results obtained from
a complete implementation of the proposed system.

2 Face Template Modeling

Off-line, given two photos of the subject to be tracked in front and profile views
(Fig. M), we adapt a generic 3D head model by employing part of the model-
fitting methodology given in [I0], where a few pre-selected feature lines (e.g.
eyes, lips, cheek contour) are marked onto the photos, and a least-squares fitting
of the mesh is performed.
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Fig. 1. Automatic 3D model adaptation

After shape adaptation, the same pictures provide the texture map, and the
resulting model is shown in Fig. [l on the left side. From the complete model,
deformable parts (eyes and mouth) are removed, and a limited area covering
front and part of the side view is extracted, obtaining the textured template
shown on the right side.

Almost all of the described operations can be automatically performed, so
that with the proposed method a new template is built by a non-expert user
within very short time.

3 Overall Tracking Methodology

3.1 Geometry Representation

We express the rigid transformation between camera and head coordinate frames
with the homogeneous (4 x 4) transformation matrix 7'

r=1o"] g

with R the rotation matrix, and 6r = [X,Y, Z]T the translation vector. 3D
rotations are expressed in terms of XYZ Euler angles

R(0r) = Ry (a) Ry (B) R- (7); 0k = [, B.7]" (2)

with R, Ry, R, the respective rotation matrices. Overall head pose is then given
by the 6-vector 6

0 = [0r, 7] (3)

and a body point in homogeneous coordinates *X transforms to camera coordi-
nates °X according to

‘x= T(0)'x (4)

Concerning the intrinsic camera parameters, we adopt a simple pinhole model

with focal length f, so that points in camera space °xX = [Z1¢, T2, J;gc]T project
to the screen y = |y, yQ]T as
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Tic Ty1 T2 Ty2
v1=f s 9 Y2 f T3, 9 (5)
with ry1, ry2 the horizontal and vertical image resolution.
By assuming camera calibration to be performed off-line, we can indicate the
overall body-to-screen mapping with

y =P (x,0) (6)

3.2 On-Line 3D Pose Estimation

In a template matching framework, local optimization of the similarity function
alone could be used for estimating the full 6dof pose of the face, starting from a
pre-defined hypothesis 6.

However, due to the 3D/2D projection (@), any similarity function shows a
narrow convergence region, and non-quadratic behavior outside a limited area
around the optimum. This results in a difficult optimization problem that may
take many cost function evaluations, or get stuck in local optima.

Therefore, as stated in the introduction, in the present approach pose estima-
tion has been split into two sub-tasks, by hierarchically estimating translation
and rotation parameters 0y, 01

1. First, translations 7 are estimated via robust head contour tracking, using
the CCD algorithm and an elliptical contour model. This module also pro-
vides a coarse estimate of the in-plane rotation angle -, which can be used
for initializing the next module

2. Afterwards, full rotation parameters 6y are estimated by maximizing mutual
information between the 3D textured template and the underlying image;
translation parameters 67 are kept fixed to the value given by the previous
module, while rotations are initialized with the ones 0 (¢t — 1) obtained from
the previous timestep.

Both modules employ suitable critera in order to detect tracking failures, and
automatically re-initialize the system in case of loss. In order to re-initialize
the contour tracker, a generic face detector [I1] is employed; for the template
matching module, rotations are re-initialized to zero (front view).

4 Head Contour Tracking Module

The first step of our methodology consists of robustly estimating the translation
parameters 6. For this purpose, we first model the head external contour as a
planar ellipse (Fig. 2)) with proper axes length. The degrees of freedom of the
contour pose directly correspond to 4 of the 6 pose parameters 6, namely 3D
translation and in-plane rotation angle

® = (v,0r) (7)
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2 2

Fig. 2. Contour model fitting to the head boundary, before and after 12 steps of CCD
optimization. Sample points used by the algorithm are shown.

Contour tracking is performed through the real-time version of the Contract-
ing Curve Density (CCD) algorithm [I2][13]. This method aims at fitting a para-
metric curve model to the image stream, by making use of local self-adapting
separation criteria, and a two-step optimization procedure akin to Expectation
Maximization.

Contour estimation at each frame makes also use of prior knowledge of pose
parameters in a Bayesian framework, which in the re-initialization phase is ob-
tained from a generic face detector [I1], while in subsequent frames comes from
the previous estimation result. A dynamic model, although not required, can
further improve tracking performance through Kalman filtering [I3]; however,
for the present tracking task this improvement has shown not to be necessary.

In CCD, the following two-step procedure is iterated, refining the estimate
and, at the same time, gaining certainty on the posterior density (that contracts
to a small, unimodal pdf), until a satisfactory result is found.

4.1 Step 1: Compute Local Color Statistics Around the Head
Contour

Current mean and covariance matrix (me,Xg) are set to the initial values
(®o, X% ), with statistics modeled by multivariate Gaussian distributions.

A set of points along normal directions for each sample position k& on both sides
of the curve is taken (Fig. ) up to a distance h related to the current parameter
uncertainty X4, and normal segments to the base shape are uniformly sampled
along into L sample points

Xkl = Xpo + ding (8)

with d; = d (xx, Xro) the perpendicular distance.

According to the length h, two weighting functions wy,ws and fuzzy assign-
ment values aq, as of each color pixel to the respective region, are computed for
each contour side



6 G. Panin and A. Knoll

~~

= forr () 1] wrrmta 6

a1z (d) —0.5\° ) +
wy /o (d) = ( 1/2 (O.)S ) {e’dQ/Q"z - e’”z]

where all of the constants inside are properly selected in advance.
In order to collect local color statistics, base sample points xj; are projected
according to the current hypothesis ® = mg (Fig. 2)) by applying (6

v = P (xx1,[0,0, ®]) (10)
and local, weighted RGB statistics up to the second order are collected

Vl(cg) = ZIL:1 Wkls; Vl(cs 21 1 WkisTki; l/k:s Zl 1 wklsIklIkz (11)

with s = 1,2 the curve side, and Ij; the observed pixel colors at image
locations yy;.

Color statistics of order o = 0, 1,2 along the contour are blurred with expo-
nential filtering both in space and time

v = Z b(k — ki) ") (12)

ki=1

7)) =+ (1 -5 (t 1)

and the resulting quantities are finally normalized, giving a set of expected color
values and covariance matrices for each sample position and contour side

~(1) ~(2)

Tls l/s(t) (S l/s(t) F(s)7(s)T

O R U T )
Uy, (t) v, (t)

Normalized local statistics are finally indicated with S := (T,(:), f],(:))

4.2 Step 2: Optimize Contour Shape
In the second step of CCD, estimated statistics (I3)) are used in order to evalu-

ate the contour fit function, its gradient and the Hessian matrix for parameter
update. We first write the MAP cost function as

E=FE (®,m3,X%)+ E2 (P, 5) (14)
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where
]. w1\ * 0\ — * *
By=, (2 -mg) (Zg) @ -my) +Z(25) (15)
1 = \T & -1 T 3
E2 = ; 9 (Ikl — Ikl) Zkl (Ikl — Ikl) + Z (Ekl)

are, respectively, the prior log-probability of the pose, and the log-likelihood of
observed colors Iy; w.r.t. the expected statistics (ikl,ikl), with normalizing

terms Z.
Expected colors ikl and local covariances f]kl are given by the fuzzy assign-
ment (@) to each contour side

o =ar ()T + (1 - ay () TP (16)

where only the dependence of I, on ® is considered when computing the
derivatives.

In order to implement the Gauss-Newton optimization step, the gradient of
FE w.r.t. & and the Gauss-Newton matrix are computed

Vel = - (Velu) 57 (Tu—Tu) +(=5) " (@-m5) (7
k,l

~ \7 . o _
HeE> = Z (V@Ikz> 3 Vel + (25) '
Kl

with

Vely = (TS) - T;@) (Vaar (d))" (18)

and the parameter mean and covariance update is given by

miy’ = mg — (HeE) ' VeFE (19)
B = Bg + (1 —c) (HeE)

where ¢ = 0.25 is an exponential decay coeflicient.

The whole procedure (Steps 1 and 2) is iterated with updated parameters until
convergence. In this module, detection for tracking loss is performed by looking at
the final value of F ([I4]), indicating the overall color statistics separation between
the two regions (inside and outside) along the contour line. If the separation
index decreases below a suitable threshold, the CCD tracker is re-initialized.
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5 Face Template Matching Module

With the given appearance model, the template matching module aims at finding
the orientation r maximizing consistency between projected template points
and underlying image pixels, as shown in Fig.

Using mutual information as consistency measure allows to accommodate a
more general model of variation between expected and observed appearance, in
presence of different lighting, shading, and other nonlinear effects such as partial
occlusions. As a result, by using mutual information we can keep a constant
appearance model working through a wide range of rotations, at the same time
gaining robustness with respect to occlusions and image noise.

For this task, we indicate with M (x) the gray-scale intensity of points x over
the textured surface model of Fig. [l

Fig. 3. Template matching result after mutual information optimization

5.1 Histogram-Based Estimator

For real-time purposes, we use histogram-based mutual information [I4]. His-
tograms have large computational advantages over other methods like as kernel
density estimators [15], which generally exhibit an O(N?) complexity and make
use of costly real-valued functions (e.g. exponential kernels). For this reason,
histogram-based entropy estimators are widely used in medical image registra-
tion problems, where the volume of data is usually very large; on the other hand,
in a real-time application sample sizes have to be kept relatively small, and there-
fore the finite-sample bias of the estimator cannot be anymore neglected.

An analysis of statistical properties (bias, variance) of the histogram entropy
estimator for continuous densities has been given in [I4]; in particular, the bias
contribution due to finite sample size N (termed N-bias) can be approximated by
a second-order Taylor expansion of the density estimator around the “true” value
pij, and the resulting correction for the joint entropy H (1, x2) is given by

~ hij hij c? -1
H($17$2):—Z Nog vt oy + log (Az1 Az,) (20)

(]

where h;; is the joint (template-image) histogram, with C? cells of size (Axy, Axs).
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In order to get a good statistical behaviour, a suitable number of histogram
cells is required, for which we adopt a simple rule of thumb, by dividing each
dimension into I = J = VN bins. R

It is worth to note here that both bias and variance of H (x), like for any
statistical estimator, grow up very fast with space dimension, so that the sam-
ple size N required to achieve the same performance in higher dimension (e.g.
using a color template) would be too high for a real-time implementation, and
at the same time not necessary. By using grayscale intensities, a bi-variate his-
togram allows a minimum sample size of N = 1000 sample points to be reliably
employed.

5.2 Mutual Information Optimization

In our framework, a set of NV points x; is randomly drawn with uniform prob-
ability from the visible area of the template M at pose 6y = [9%, 9%]; the set
of visible points is pre-computed, by removing back and self-occluded surface
pointd.

Because of random sampling, the cost function will have a random component
(noisy optimization); this indeed helps in avoiding local optima that for a small
size N may be present.

For furtherly improving convergence and speed properties, the optimization
is performed in a multi-resolution cascade, by Gaussian filtering both the model
texture map and the underlying image; moreover, the sample set N is also kept
lower for low resolution images, while increasing it for higher resolutions.

At each pose hypothesis 0, the random sample xj, is projected onto the image
I according to (@), to pixel coordinates y, = P (Xg,0), and the corresponding
intensity pairs (my,v1), ..., (my,vy), with

my = M (x) ;v =1 (yk) (21)

are collected into the joint histogram h;; = h (m,v).
Afterwards, marginal histograms h(m) and h(v) are computed by summation
over rows and columns

h(m) £ hie = Y52 higi h(v) = hey = Y04 hi (22)

and bias-corrected mutual information is finally given by

~ hij hijN  (C—1)°

I (21,8, 09,0R) = > N log, U = (23)
Y 1,0/le g

In order to optimize ([Z3) w.r.t. O, we apply here the standard Nelder-Mead sim-
plex algorithm [I6]. This algorithm is well-suited for low dimensional problems,
and at the same time performs well in presence of a noisy cost function.

! Since the previous pose 8% is close to the current one, the visible point set can be
computed just once, before the optimization loop.
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After optimization, tracking loss is detected by setting a lower threshold on
the output mutual information value. By optimizing only over rotational degrees
of freedom 6, this module yields stable and reliable results within less than 100
function evaluations, ensuring real-time performances on common platforms.

6 Experimental Results

Our face modeling and tracking system has been successfully applied to on-
line tracking experiments. We show here results from a video sequence of 1550
frames, using the model of Fig. [} in absence of ground-truth for this experiment,
accuracy of the result can be visually evaluated by looking at the matching
between superimposed template and image pixels (Fig. [).

Throughout all of the sequence, tracking has been performed in real-time at
a frame rate of 10-15 fps on a common Desktop PC with 3GHz CPU, using
a standard FireWire camera with an image resolution of 640x480; due to the
nature of both estimation modules, the input images are directly used without
the need for any preprocessing operation (noise filtering, features enhancement
etc.); results have been on-line recorded during the tracking task.

Fig. M shows a selection of frames, with the results of both contour tracking
and template matching, and the frontal part of the textured model superim-
posed at estimated 3D pose. A single appearance template has been sufficient
for successfully tracking the user throughout almost the whole sequence, apart
from two cases of too wide lateral rotations; after loosing the track, the system

0659 T orr2

4841

1155 1356 1372 1400 1465

Fig. 4. Face tracking in presence of different light conditions, partial occlusion and
wide rotation angles



Real-Time 3D Face Tracking with Mutual Information and Active Contours 11

automatically recovered within few frames, without the need for any manual
intervention.

In particular, the top rows of Fig. @lshow robustness of the system under strong
light changes and partial occlusion; thanks to the use of mutual information as
robust matching index, the tracker did not loose accuracy of pose estimation de-
spite dark lighting (frames 506, 659), light switching (frame 550), and occlusions
(frame 772). The same observation concerns contour tracking that, by employing
locally self-adaptive color separation criteria, is able to overcome abrupt changes
in color statistics both inside and outside the enclosed region.

The frames displayed in the bottom rows show tracking performance under
wider face rotations; wide in-depth rotations (frame 1400) usually pose more dif-
ficult problems with respect to in-plane rotations (frame 1356) for face tracking
systems, in particular due to the shading difference with respect to the frontal
pose, and the smaller visible template area. Despite these difficulties, mutual
information template matching performs well also in these cases, where different
shadings have the effect of reducing the maximum similarity value, but not its
location in pose space.

7 Conclusions

We presented a real-time 3D face tracking system combining two complimen-
tary and robust model-based visual modalities; possible applications for the sys-
tem include hands-free Human-Computer Interfaces, 3D gaze tracking, real-time
video augmentation, and many others as well.

Planned developments, in the direction of increasing speed, robustness and
versatility, include the following ones: augmenting the system with further visual
modalities such as color and motion cues; a parallel (or pipeline) implementa-
tion scheme for an efficient integration of all modules; exploration of suitable
data fusion methodologies for this system, incorporating dynamic models and
multiple hypotheses for multi-target tracking in presence of crowded situations;
introduction of deformable models on top of the rigid template, in order to detect
lips expression and eye gaze.
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Abstract. In this paper a new extension of the CONDENSATION al-
gorithm, with application to infants face tracking, will be introduced. In
this work we address the problem of tracking a face and its features in
baby video sequences. A mixed state particle filtering scheme is proposed,
where the distribution of observations is derived from an active appear-
ance model. The mixed state approach combines several dynamic models
in order to account for different occlusion situations. Experiments on real
video show that the proposed approach augments the tracker robustness
to occlusions while maintaining the computational time competitive.

1 Introduction

The tracking of the face motion in a video sequence represents a challenging task
in computer vision, because of the variability of facial appearance in real scenes,
most notably due to changes in head pose, expressions, lighting or occlusions.
This is especially challenging when an infant face is the tracking target. This task
requires, by definition, the use of a model that describes the expected structure
of the face. The Active Appearance Model (AAM) [I] is one of such techniques,
which elegantly combines shape and texture models in a statistical framework,
providing as output a mask of face landmarks. These combined models account
for all sources of variability in face images. This feature makes them suitable for
face tracking and enables the tracking of both global motion and inner features.
Previous work on visual tracking can be divided in two groups: deterministic
tracking and stochastic tracking. Deterministic approaches [2] usually reduce
to an optimization problem, i.e. minimizing an appropriate cost function, while
stochastic tracking approaches often reduce to the estimation of the state for a
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Fig. 1. Example images from input video sequences

time series state space model. Stochastic tracking improves robustness over its
deterministic counterpart, thanks to its capability to escape from local minimum
since the search directions are for the most part random. Early approaches used
Kalman filter (or its variants [3]) to provide solutions, while, recently, sequential
Monte Carlo algorithms [4] have gained prevalence in the tracking literature,
especially due to the CONDENSATION algorithm [5].

Our work is based on a direct combination of an AAM with a particle filter as
first introduced by Hamlaoui [6]. In this approach the authors combine an AAM
with a temporal dynamics guided by the AAM search algorithm and use a fil-
tering scheme based on CONDENSATION. Although their stochastic approach
allows to augment robustness, they rely too much on the deterministic AAM
search and the resulting algorithm performs poorly in case of heavy occlusions.
Our contribution consists in a customized version of the mixed-state algorithm
to face the particular problem of infants face tracking.

In Figure[l], some example images show inherent difficulties when dealing with
real video sequences of infants. There are two major elements, which add com-
plexity to the tracking task: infants move continuously and in an unpredictable
way, producing face self-occlusions as most undesirable effect; external objects
(a hand in Figure [[) may occlude the target face either partially or totally. In
this paper we propose a technique for a robust tracker of a single infant face in
a video sequence with the following properties: high responsiveness to sudden
movements, robustness to partial occlusions, short recovery period after distrac-
tion due to a total occlusion. Our approach, based on the CONDENSATION
algorithm, integrates, in a Bayesian mixed-state framework, multiple dynamic
models, allowing to cope with the limitations of previous approaches.

The rest of the paper is organised as follows: in Section 2 we briefly review the
Active Appearance Model and we introduce the AAM-based CONDENSATION
framework. Section 3 describes in detail our proposed mixed-state approach,
while Section 4 is dedicated to the experimental results. Conclusions and future
works are then reported in Section 5.
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2 Background

2.1 Face Active Appearance Model

The AAM is a statistical method for matching a combined model of shape and
texture to unseen faces. The combination of a model of shape variations with a
model of texture variations generates a statistical appearance model. Principal
Component Analysis (PCA) is applied to build the statistical shape and texture
models:

S=5+Pbs, and g=g-+ Db (1)

where 5 and g are the mean shape and texture, &; and @; are the eigenvec-
tors of shape and texture covariance matrices. The unification of the presented
shape and texture models into one complete appearance model is obtained by
concatenating the vectors bs and b; and learning the correlations between them
by means of a further PCA:

s=5+Qsc and g=g+ Qic (2)

where Qs and @Q; are the matrices describing the principal modes of the combined
variations in the training set and c is the appearance parameters vector. By
varying the appearance parameters ¢, new instances of shape and texture can be
generated. The matching of the appearance model to a target face can be treated
as an optimization problem, minimizing the difference between the synthesized
model image and the target face [I].

2.2 AAM-Based CONDENSATION

The CONDENSATION is a Monte Carlo-type technique to recursively approxi-
mate the posterior state density. Approximation is done by means of the empir-
ical distribution of a system of particles. The particles explore the state space
following independent realizations from a state dynamic model, and are redis-
tributed according to their consistency with the observations, the consistency
being measured by a likelihood function (observation model). For an introduc-
tion to the subject the reader is referred to the Isard and Blake paper [5]. Using
Active Appearance Models, we can represent the shape and texture of a face in
terms of a vector c. To complete the description of the face, the four pose param-
eters are also needed, namely p = («, 9, t,,t,), representing scale, orientation
and position, respectively. The state vector x, which contains the parameters
used to infer about the object (the face) is thus composed by the concatenation
of the vector ¢ of combined parameters and vector p of pose.

Observation model. The Observation Model is based on the difference between
the sampled pixel grey level patch at the hypothesized position in the current
image and the one generated by the face model. The likelihood function p(y|x)
denotes the probability that a hypothesized state xj = (ck, p) gives rise to the
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observed data. Since the observed data consist of pixel greylevel values, it is
straightforward to look for a function with the following form:

p(yk|xk) = p(Yk|Ck’ pk) = CeXp (_d[gmodel(ck)7 gimage (Ck’ pk)]) (3)

where g;,,q0c (ck, pg) is the image patch sampled at the hypothesized pose and
shape, g,,,4c1(Ck) is the model texture representing the hypothesized appearance
of the face, and C' is a normalizing constant. The texture distance d[;] is an error
measure, summed over all L pixels of both textures.

State transition model. The state transition model characterizes the dynamics
between frames. The state evolves according to

X = f(Xk_l) + Siu; (4)

in this equation, f(xj_1) represents a deterministic function of the previous state
vector x;_1, Sk is the process noise covariance and u is a vector of normally
distributed random variables.

Whereas the choice of gaussian noise is expected when accurate model uncer-
tainty cannot be provided, choosing an appropriate function f(.) is not an easy
task, and depends on the particular situation.

3 Proposed Scheme: A Mixed State CONDENSATION

In the case of this particular application the presence of heavy occlusions and the
unpredictable infant movements make the choice of a single model inadequate
to describe the dynamics. In this spirit we opted for a mixed-state framework
with model switching.

3.1 Pose-CONDENSATION and ICONDENSATION

The first two retained models consist in a fixed constant-velocity model with
fixed noise variance
Xp = Xp—1 + Spu; ()

and an adaptive dynamic model, guided by a deterministic AAM search:
Xk = Xg—1 + AXp_11 + Siu, (6)

where Axj_1 , = (Ack—1.k, Apk_lyk) is the predicted shift in pose and appear-
ance parameters, obtained by applying the AAM search to previous estimated
state vector (xj_1) with respect to frame at time k. An AAM-CONDENSATION
approach, using either () or (B) as dynamic models, has three main draw-
backs: AAMs describe faces with high-dimensional vectors; the deterministic
AAM search is highly sensitive to large occlusions, so robustness is achieved
only by increasing the noise variance; accuracy is only accomplished at the cost
of unacceptable time performance. In order to solve the problem of dimensional-
ity while assuring a good robustness to occlusions, Davoine [7] proposed the use
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of the CONDENSATION to track the four pose parameters (in the following this
algorithm is referred as Pose-CONDENSATION). In this case (@) is a convenient
form for the dynamic model with the state vector represented by the pose vector.
Obviously, the accuracy of the algorithm, intended as the ability to generate a
photo realistic synthetic replica of the face, cannot be guaranteed since the ap-
pearance parameters, c, are not tracked. In order to track the entire state vector
x = (¢, p) and keep the computational time acceptable, a solution could be to
use an importance function, as described in the ICONDENSATION framework
[8], to constrain the search in a neighbourhood of the previous state estimate. In
this case a proper dynamics is the one described in (B]). This approach performs
well, in terms of speed and accuracy, only in presence of soft partial occlu-
sions: the deterministic search is inherently not robust and the main feature
of CONDENSATION, i.e. maintaining multiple hypothesis, is constrained in a
limited regionof the state space by the importance function. The two described
approaches are complementary: the first one sacrifices accuracy for robustness,
while the second one allows fast and accurate tracking, but only in occlusions
free situations. The integration of both dynamics into the same tracker would
then allow for a wider range of motion to be supported without losing the advan-
tages of an accurate prediction. In summary, we can say that in case of limited
occlusions, the deterministic AAM search should be reasonably trusted, leaving
to the importance sampling technique the task to improve the accuracy of the
detection. In the second scenario, when strong occlusions occur, a less accurate
tracker but more robust to occlusions should be preferred.

3.2 The Third Model

In the proposed solution, a third motion model from data averaging has been
included and defined by:

X = X + Spu (73)
p(xk) = N(Xk-1,Sk), (7b)

where Xy is an estimate of the (fixed) mean vector x and Sy, is the covariance
matrix of the gaussian distribution at time k. The aim of this model is to describe
a kind of a priori knowledge on the face motion of the considered sequences. In
each video sequence the infants are sitting, thus their movements are somehow
constrained around a region in the scene. We can then assume that the face lies
in a neighbourhood of such region, with probability decreasing with the distance.
This third motion model (in the following referred as Reinitialization) can be
used to include some probability of tracking reinitialization, particularly useful
after distraction due, for example, to total occlusions.

3.3 The Mixed-State Algorithm

Our solution, then, consists in merging the three approaches by means of an
automatic model switching procedure ([9]). The extended state is defined as
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X = (x,0), 6 € 1,.., N,where 6 is a discrete variable labelling the current model,
while N represents the total number of models. The process density can then be
decomposed as follows:

P(Xk|Xk—1) = p(Xp|Xp—1, 0) P(0k|0k—1,Xk—1) (8)

where P(0|0k—1,%xx—1) : P(0r = j|0k—1 = i, Xp—1) = Tjj(xx—1) and the Tj; are
state transition probabilities. The continuous motion models for each transition
are given by the sub-process densities p(xx|Xk—1,0%). During tracking, each dis-
crete state transition with non zero probability contributes some samples to the
state distribution and the model that predicts more accurately than the others
will dominate. The possible values of 6, are: R (Reinitialization), I (ICONDEN-
SATION), P (Pose-CONDENSATION). The particle is propagated forward in
time according to the dynamics implied by the motion model, and transitions
between models happen according to the transition matrix T. We propose the
following simple form for the transition matrix where the parameters a and ¢
control the robustness of the tracker:

Trr Trr Trp al—a—-66
T = T]RT[] T[p = al—a—0696 (9)
Tpr Tpr Tpp al—a—-66

— « is a reinitialization parameter, since, at each time step, a number of par-
ticles proportional to « is generated from model ().

— The meaning of § changes, instead, between the first and the second repre-
sentation: in the first case it represents an adaption speed parameter, that
controls how rapidly the probability flows from the model I to the model
P. Thus, we can say that it trades off adaptation rate and steady state be-
havior. In the second case, we give it the meaning of robustness parameter,
controlling how promptly the tracker switches into pose tracking.

Summarizing, at each time step k, the proposed algorithm chooses a particle
from the previous sample set, proportionally to its weight. The particle is then
propagated through one of the three dynamic models, in accordance with the
current motion label. If, for example, a particle is chosen with label I, then with
probability T7; a particle is drawn from the importance function ¢(X;_1), with
probability Trg it is drawn from (), and with probability T p it is propagated
through (Bl) (where = p). Finally, the particle is weighted in accordance to
observation, and the multiplicative factor f/q is applied if it was generated with
Importance Sampling.

4 Experimental Results

The implementation of the tracker is based on AAM-API, a C++ implementa-
tion of Active Appearance Model. In order to build our AAM representation of
face, we have manually landmarked a set of 222 images. To test the Mixed State
CONDENSATION tracker we used 50 video sequences. For all of them a visual
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Fig. 2. Tracking results for consecutive frames

analysis has been done, resulting in good overall performance of the proposed
tracker. Figure Plshows consecutive frames of an example sequence characterized
by a total occlusion. Given that the videos used in the experiments are under
corporate proprietary rights, only a small percent of them can be published. In
Figure Bl [ and Bl we report the results applying the three methods to three dif-
ferent sequences. In the image grid, each column represents a tracked frame from
the sequence, while each row is related to one of the 3 compared approaches.
Below the image grid, a plot shows the tracking error for the entire sequences.
The results show that, although the Pose-CONDENSATION tracker is quite
robust to occlusions, the tracking error is still very high, since the inner motion
of the face is not tracked. The behaviour of the ICONDENSATION is exactly
the opposite: it tracks well as long as the target is not occluded, but it is not
able to recover the target face once distracted. The mixed-state CONDENSA-
TION offers a good trade-off: it automatically switches model, choosing the best
for each situation. It reveals high robustness and the best accuracy, from our
analysis. Concerning the « and ¢ parameters of the transition matrix T, their
values have been empirically chosen in order to adapt the algorithm to our task.
Table[dlreports the time performance of the different algorithms for 3 representa-
tive sequences. The results are obtained with a P4 1.8 GHz processor, equipped
with 512MB of RAM. A further algorithm has been used for benchmarking: AAM
Search. This is a simple algorithm in which the AAM Search is applied frame-by-
frame: it cannot be used for tracking in practical situations, since it is neither ac-
curate nor robust, however it gives a kind of reference for time performance. From
Table [l it is clear that, despite the increased complexity of the tracker, the
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Table 1. Time performance comparison (in frames per second)

IC C-pose Mixed State C. AAM Search

Sequence 1 2.62 2.58 2.53 3.18
Sequence 2 3.13  2.57 2.59 2.5
Sequence 3 3.19 2.48 2.5 2.63

mixed-state CONDENSATION has performance comparable with those of the
other algorithms.

5 Conclusion

In this work we presented a stochastic framework for robust face tracking us-
ing complex models of face appearance. When compared to other approaches
found in literature [6], the presented tracker not only succeeds in crucial cases of
occlusion, but experiments show that it outperforms in accuracy the compared
methods and finds an equilibrate trade-off between robustness and use of time
resources. The resulting algorithm is an adapted mixed state CONDENSATION
combined with AAM. The stochastic CONDENSATION search compensates for
AAM limits in handling occlusions, and due to an appropriate choice of mo-
tion models, allows an efficient reinitialization of tracking, when an exhaustive
search in the image is impractical. Furthermore, the approach is general enough
to be applied to other face tracking problems: an advantage of the probabilistic
approach is that it is modular, in the sense that application-specific dynamic
models or observation models can be seamlessly included.
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Abstract. Optical motion capture can be classified as an inference problem:
given the data produced by a set of cameras, the aim is to extract the hidden
state, which in this case encodes the posture of the subject’s body. Problems with
motion capture arise due to the multi-modal nature of the likelihood distribution,
the extremely large dimensionality of its state-space, and the narrow region of
support of local modes. There are also problems with the size of the data and
the difficulty with which useful visual cues can be extracted from it, as well as
how informative these cues might be. Several algorithms exist that use stochastic
methods to extract the hidden state, but although highly parallelisable in theory,
such methods produce a heavy computational overhead even with the power of
today’s computers. In this paper we assume a set of pre-calibrated cameras and
only extract the subject’s silhouette as a visual cue. In order to describe the 2D
silhouette data we define a 2D model consisting of conic fields. The resulting
likelihood distribution is differentiable w.r.t. the state, meaning that its global
maximum can be located fast using gradient ascent search, given manual initial-
isation at the first frame. In this paper we explain the construction of the model
for tracking a human hand; we describe the formulation of the derivatives needed,
and present initial results on both real and simulated data.

1 Introduction

In the last few years there has been an ever growing demand for fast and reliable mo-
tion capture systems. There are countless applications, the most significant ones being
surveillance for crime prevention and public safety, human-computer interaction (HCI)
including interaction with game consoles, animation and many more. The only com-
mercially available systems to date are marker-based e.g. [1]] and [2], whose intrusive
nature makes them inappropriate for surveillance or HCI applications.

One of the main problems related to motion capture is the multi-modality of the
likelihood distribution. Several systems exist that use Monte Carlo Sampling (MCS)
techniques to reliably handle several modes [3], [4], [3], [6], but although highly par-
alleliseable in theory, the extremely large dimensionality of the likelihood and the nar-
row nature of its local modes imply that an enormous number of particles needs to be
maintained throughout tracking. Despite their robustness and their parallelisation po-
tential, such methods produce a heavy computational overhead even with the power
of today’s computers, and tracking may only be applied in post-process. One can deal
with the ‘curse of dimensionality’ by considering prior information about the motion
of the subject to be tracked [[7], [8]. Although this results in a significant increase in
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speed of performance, such methods require lengthy training sessions and are limited in
tracking a set of pre-specified movements. Finally there also are systems that rely on
the use of higher-level features such as passive markers [1]], active markers [2]], voxel
data [9], correlation data [10], depth maps [11]] etc. to define a likelihood distribution
with fewer local modes, but special equipment needs to be used and data acquisition
becomes expensive and cumbersome.

A significant amount of literature already exists on model-based human hand track-
ing [3], [6], (8], (11, [12], [13]. Stenger et al. present impressive results using edge
data in [12], but their tracked gestures involve movement of very few fingers and the
state-space for the likelihood only consists of 7 dimensions. In they introduce Hier-
archical Filtering where a pre-computed hierarchical tree (whose nodes represent sam-
ples in the state-space) is compiled before tracking begins, for the purpose of saving
on-line processing time. The precision of this system depends on the resolution of the
samples stored on the leaf nodes of the tree, and the extracted gestures can be shaky.
Bray et al. introduce the Smart Particle Filter [T1]], which uses a gradient-based algo-
rithm on multiple samples to prevent convergence on a local maximum. Their tracker is
facilitated by the use of 3D depth maps generated by a structured light sensor. Although
tracking in 3D is now a lot easier and their results are impressive, assumption of the
light sensor makes an HCI system based on their algorithm less appealing.

The demand for interactive systems for use at home suggests that HCI technology
has to be fast and cheap. Hence, the visual features used for tracking need to be sim-
ple enough for the system to extract the data in real time. Furthermore, the tracking
method needs to be a gradient-based one, this way ensuring that the subject’s pose is
estimated as fast as possible. A very limited number of systems follows these guidelines
but to date no such system is convincingly accurate and robust. In this paper we
present a system to track a human hand in 26 degrees of freedom with no need for a
training session, and making no pre-assumptions on the gesture to be tracked. We use
only silhouette data, which is the simplest and easiest-to-extract low-level feature avail-
able. Silhouettes can be extracted in real-time by the cheapest camera equipment
and can be processed with minimal computational overhead. We define a differentiable
likelihood distribution, meaning that tracking can take place much faster using gradient
ascent, given adequate manual state initialisation at the first frame.

2 Formulation

The state vector x denotes any possible posture that the subject may attain at any given
time ¢. Let P(x) be a description of the process that produces the observation Zj,
under some arbitrary posture for the subject. Assuming that modelling of this process
is realistic, we have

Zp =P(X)+v (1)

where the observation Zy is the silhouette data extracted from the k™ frameset captured
by the cameras, v is a zero-mean random process which describes the discrepancy be-
tween the model and the observation, and x is the true state of the subject that also
brings the model closest to the observation. P(x), Zj and v are all vectors of size P,
where P is the total number of pixels in our set of cameras. Our task is to find the
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best estimate for x; we choose the maximum likelihood (ML) estimate, which also
minimises the negative log-likelihood, i.e.,

ML — argm}in (2, — P(X))T(Zk -Px)) . )
ML

To converge to X~ we use the Gauss-Newton method for Non-Linear Least Squares.
For each iteration i a new approximation for XM’ is given by,

%1 =%+ [I5(%:)Ip (%)) I5(%) (Zi — P(%:)) 3)

where Jp (x) = [VP(x)] " is the Jacobian of the model’s silhouette.

3 TheModd

3.1 State

The full state vector x holds position and orientation information for every bone in the
subject’s skeleton. The first three coefficients of x constitute xgp, the spatial position of
the skeleton’s root (which for our case represents the wrist). The rest of the coefficients
in x combine in groups of three, and each such group forms x;, a vector which contains
orientation information for bone b w.r.t. its ‘parent’ bone, i.e. the bone to which b is
attached to. In other words,

T
r x{ xg xg xg] 4)
where B is the total number of bones, x,, = [z y Z]T, and x; € R3. Using x; we can
define

sin [xp| o T
%]

The parameters stored in q; are the coefficients of a unit quaternion. A rotation matrix
giving us the rotation of bone b w.r.t. its parent b, can be formed from the quaternion
coefficients as follows:

T
qp = [QO qz Qy q,z]b = COS‘Xb|

@+ —a -9 2049 — ) 2(q2q= + q04y)
Ry = | 2(quqy +@09:) @ - +a -4 2099 — q00x) (6)
2(¢2q= — q0qy) 2(¢yq- + 042) G — 4 —q; + 4

where the superscript B (note different from B) emphasises that this rotation relates to
a bone. The rotation of the subject’s root bone R¥ (x) is defined w.r.t. the 3D origin.

3.2 Skeleton Model

The 3D structure and functionality of the subject are modelled by a knowledge base
of the subject’s underlying skeleton S, which is defined as a tree structure and can
concisely be represented by c;, the chain of bones from the root bone up to bone b. For
each bone we also define a binary vector f;, € R3, whose ™ entry if non-zero, indicates
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freedom of bone b to rotate about its i principal axis of rotation. Finally we define a
length s; for each bone. Put in a more formal notation, the definition of the underlying
Skeleton model parameters includes definitions for {c;, f3, sb}le. There are a total
of B = 25 bones in our current implementation of the Skeleton model, including carpal
bones, metacarpals and phalanges. The mobility of the wrist joint is represented by f; =
[1 1 1]", while all carpals and metacarpals have £, = [0 0 0]”, proximal phalanges
have f, = [1 0 1]”, and intermediate/distal phalanges have £, = [1 0 0] .

Clearly, the underlying skeleton’s configuration in 3D space is always dictated by the
state, and it is this configuration that we are interested in extracting. Any topology that
the skeleton may attain at any time can be expressed as S(x). This can be described as
the 3D space position tg’ , and orientation ng’ , of every bone b in the skeleton w.r.t. the
3D origin:

8(x) = {t8, (), RE, (0}, )

where the superscripts specify that these translations and rotations refer to the Skeleton
model’s bones. Each bone’s rotation w.r.t. the 3D origin is given by

RG,(x) = [] RE(&) )

mecy

where RB (x) is the state-defined rotation matrix for bone m w.r.t. its parent bone, as
defined in (). The ordering of rotations RE, (x) is also important and the I7-notation
used above preserves their ascending order w.r.t. their bone index m. The bone’s centre
is given by

1
65,5(x) =Xsp () + D smRE(x)e2 + , sRE(x)e2 ©
mECbp
where e; = [0 1 0] is the default (x = 0) orientation of the bones, and by, is the

parent-bone of b, i.e. the penultimate entry in c;. A visualisation of the Skeleton model
is shown in Fig.[[(a).

3.3 Corpulence Model

A visual description of the 3D nature of the subject can only be completed when its
soft tissue and skin, here collectively referred to as corpulenceC, is taken into account.
This involves modelling the visible soft tissue that surrounds the underlying skeleton.
To model the corpulence, each bone b is assigned a total of Ej ellipsoids. Each el-
lipsoid ¢;, is associated with 3 radii along its principal axes, a translation tfb and a
rotation RE) w.r.t. the centre of bone b. Note that the superscript E indicates that these
translations and rotations refer to the ellipsoids of the Corpulence model, not the bones
of the Skeleton model. Formally, the Corpulence model parameters are described by
{n,eb, tEb, be ib:1 for each individual bone b. Most of the bones in our human hand
model are dressed with Ej, = 2 ellipsoids, of which one usually represents a joint be-
tween bone b and its parent b,. For those ellipsoids not representing a joint, the major
axis radius is half of the bone’s length, i.e. 7, ., = ésb. This arrangement gave a real-
istic representation of the 3D nature of a real human hand.
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Now, apart from being a 3D entity, C also has to be differentiable. For this reason
we use quadric fields [[16], represented by symmetric 4 x 4 matrices Q. Quadrics have
been used extensively in the literature, mainly because their contours produce primitives
visually suitable for modelling limbs [5l], [6], [71, [10], [12]], [13]. When Q is of full
rank, the quadric field’s zero-contour coincides with the ellipsoids defined above. For
the case of each ellipsoid €, associated to bone b, we can therefore define a quadric
centred at the 3D origin:

D, 0
Q. = (10)
o’ -1

where D, is a 3 x 3 diagonal matrix whose i entry along the diagonal is 1r2.,- The
Euclidean transformation to move it from the origin to its state-dictated position is given
in homogeneous coordinates by

RO ()RS, t0,(x) + RE,(x)te,
T, (x) = : (1D
o™ 1

The transformed quadric is
Q, (%) =TT (0)Q., T (%) , (12)

and every such quadric will produce a smooth 3D field, defined for every point M in
space as

M7Q, (x)M if M’Q (x)M <0
Ce,(x, M) = (13)
0 otherwise

where M = [X Y Z 1]". This will create a field spatially confined within the
limits imposed by the surface of ellipsoid €. The full Corpulence model consists of one
such field due to every ellipsoid ¢, present in every bone b of the Skeleton model:

B
C(x, M) = min ({{Ceb(x,M)}ib_l}b ) (14)

€b i =1
where the min operator chooses between several quadric fields ¢;, if more than one are
non-zero at any 3D position M. A visualisation of the Corpulence model is shown in

Fig.[[(b).

3.4 Projection Model

Under the assumption of pin-hole cameras we use perspective projection with our 3D
Corpulence model C(x) to define corresponding conic fields on the image plane onto
which each of its quadric fields will project. These conic fields are defined through their
conic envelopes C[*:

Cl(x) = PQ/ (x)P” (15)
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where P is the 3 x 4 camera projection matrix that holds both intrinsic and extrinsic
calibration parameters for each of the cameras, and Q% (x) is the envelope of the state-
transformed quadric field associated with ellipsoid ¢;,. For our model, all the quadrics
are of full rank, and the quadric envelope is given by

Qr=Q.". (16)

The resulting conic envelope C is a 3 x 3 symmetric matrix of full rank, and the
projected conic is therefore given by

C, =(CH . (17)

It should be noted here that all conics are 3 x 3 symmetric matrices, and that full-ranked
quadrics project to full-ranked conics, i.e. that ellipsoids always project to ellipses. The
2D conic field that forms the projection of each 3D quadric field onto the image plane
becomes

m’C, (x)m if m"C, (x)m <0
Pe, (x,m) = (18)
0 otherwise,

for every pixelm = [u v 1]". In general there will be one such conic field due to
every ellipsoid ¢, defined by the Corpulence model. The full Projection model, which
forms the basis of our comparison with the visual cue extracted from the data, is there-
fore given by

P(x.m) = min <{{Psb(x, m)}ib_l}f_1> (19)

where the min operator chooses between several conic fields ¢;, of different bones b, if
more than one are non-zero at any pixel m. Finally, P(x) is a consideration of all pixels
m present in the cameras, making it a P-sized vector:

T
P(x) = {P(x, my) ... P(x,m,) ... P(x, mp)] (20)
where P is the total number of pixels present in the cameras. The projection of our

human hand model, viewed as an image, can be seen in Fig. [[{c). The relationship
between the Skeleton, Corpulence and Projection models is shown in Fig. [[(d).

4 Derivatives

Differentiating 20) w.r.t. x gives Jp(x), a P x S matrix, where S is the number of
state parameters allowed to change through tracking. The (p, s) component of Jp is

0
I, = O @b
Using (19)),
IP(x,my) _ OP.,(x,my) (22)

Oz 0z
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S(x0), C(x0)
\

P(x0)

() [ © (d)

camera’s image

plane

Fig. 1. Skeleton, Corpulence and Projection models for the human hand. For all these models the
state for the hand’s rest-position xo was used. (&) Skeleton model S(xo). Each bone b is drawn as
a cylinder with position t(]i » and orientation R(]i » w.r.t. the 3D origin. Lighting conditions have
been used for illustration of the three-dimensionality of S(xg¢). (b) Corpulence model C(xo).
Each bone b of the Skeleton model is now dressed with E;, quadric fields. Note that for visual-
isation purposes only the contour C(x0) = 0 is displayed. Lighting conditions have also been
used here. (C) Projection model P (xo). The corpulence is now projected to a 2D image, as seen
from the viewpoint of the reader. Each quadric field Q;, from the Skeleton model projects down
to a conic field C’eb. (d) Tlustration of Skeleton, Corpulence (drawn semi-transparent here) and

Projection models as viewed from an arbitrary viewpoint.

where ¢, refers to the conic that minimised (I9), i.e.
. 5 B
€p = arg min {{PEb (x, m)}ebbzl}
v b=1
From (I3),
ac
€ . T ’
OPz, (x, mp) _ m, o, Mp if m,C, (x)m;, <0

O0x N .
0 otherwise.

The gradient of the transformed conic can be calculated by differentiating (1TZ):

8C’Eb , 0 (C’E";) ,
0z =-C. 0z Ce,
and from (I3) we have
9(C) QL) or
=P soipl
0x O0x
Equation (I6)) gives
2(Qz%) 1w 0QL,
Oz -Q Oxg v
and using (12),
oQL, a(Th) 1 7 (TS
Ep — €p T— T— q
Oz, Oz, QT +T, " Qq O,

(23)

(24)

(25)

(26)

27)

(28)
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where
8(T’E;1) oT
-T; T 29
0% v Oag (29)
From (I1) we have
o o )
aTEb ;:;Osb RE to b4 ;0 b tEb
or. = (30)
T
o” 0
where the gradient for the position of bone b is found by differentiating (9):
81?]3 b 8)( 1 BRB
b OXsp 0,m 0,b
oo, = + ) sm o €2 + o5 LR (31)
mEcbp
For the cases when 1 < s < 3, the reduced-state parameter s corresponds to the
B
spatial position of the root bone, i.e. x5 € X, and 82{2 "™ = 0. This is because the

state-dependent rotation matrices Ry ., (x) only depend on the orientation of the bones
inside cy, as indicated by (8) and are therefore independent w.r.t. the parameters stored
in xg,. The gradient for the position of bone b in this case is therefore

atgb 8Xsp
Or, Oz, O (32)

where e; € R? is the unit vector along the s-axis, and calculation of [Jp(x)],.s stops
here. For the rest of the state parameters 4 < s < S, the reduced-state parameter
corresponds to a rotation for a specific bone 3, i.e. z, € x3, and we have

otg , ORE 1 OR§,
ors, Z Sm Oxg e2+28b Oy e (33)

mECﬁ,bP

where c; ; is a subset of ¢; and contains all the bones between bones ¢ and j inclusively
B

. . . OREZ, .
(note that this also means that bone ¢ is closer to the root than j). Now, a;’b is non-zero
only when bone 3 € ¢y, in which case

ORE, _, ORS_,

oo =Ris, 5 RS (34)

where RB represents the rotation of bone j w.r.t. the frame of reference of bone 7 and

is given by
R}, = [[ R . (35)

MECi,,j

with i, being the offspring of 7 inside c;, i.e. the entry in c; following the entry for i. It
should be noted here that with the above definition, R} ; = R?, and that R}, = I.
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The derivative of the state rotation Rg w.r.t. the state is found by differentiating (G),
and e.g. the (1,1) component of the resulting 3 x 3 matrix is given by

ORB 0 0 0 0
B q0 qx dy qz
- 2 x - — Yz 36
(ams > <q° dr, T om, ~ Wow, 1 ag;S) (30)
(1,1)
where qo , ... , q. are the quaternion coefficients associated with bone 3, as defined

. . ORY . . .
in @@). The rest of the components in . # are found similarly. Finally, the derivatives

of the quaternion coefficients w.r.t. the state parameters are found by differentiating (3)):

9q0 9|x4|

0z, —sin|xg| Dz, 37

o | cos |xg| d|x sin |xg| d|x sin |x
| (coshal ol _sinfaloxal ) sinfxal

Ozs | xg| Oz, x[* O, %5

where 1 < o < 3 is the index of xg that corresponds to s, and
%3] T

= "7 39
dw, [l <

5 Resultsand Discussion

In all our experiments we used a reduced state vector containing only those elements
of the full state that are free to change. This was done with the help of the f;’s, and
produced a dimension for the (reduced) state S = 26. In the remainder of this paper x
will refer to the reduced state. For every frame in our experiments we used equation (3))
to search the 26-dimensional state-space for locating X% The initial state per frame
was taken to be the ML estimate from the previous frame. Then, for each iteration
in a frame, we employed equations (§) to 20) to calculate P(%;) and 1)) to (39 to
calculate Jp(X;). The initial state for the first frame in our experiments was chosen to
be the hand’s rest-position xq (see Fig.[I), so we only had to manually select the 6 state
parameters for the position and orientation for the root-bone.

We first investigate the performance of the system running on simulated data. For the
production of the simulated data we used our model to get images similar to P(x) in
Fig.[Ilc). The state that produced the simulated data was discarded and the algorithm
was employed to recover it. The top row in Fig. 2] shows the simulated data from a
selection of frames as seen from one of the 2 cameras used for the experiment, and a
visualisation of the Corpulence model at the converged X7, as seen from the same
view. It should be noted that under this scenario we are tracking the (simulated) subject
using a perfect model, since the model can describe the data with no error.

In reality the observations Zj, are binary silhouette images, implying that our model
will never be able to fully describe the visual data with no error, thus making tracking
more difficult. To produce such ‘semi’-realistic data we thresholded every pixel in P(x)
such that a binary image was produced from each viewpoint. The second row of Fig.
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Fig. 2. Results from two experiments based on simulated data. For each experiment we show the
silhouette data Zj, (black-and-white image) as recorded by one of the cameras, and the locus
C(%xMT) = 0 under lighting conditions, from the same viewpoint. Top Row: Experiment based
on purely simulated data using 2 cameras. Bottom Row: Experiment based on ‘semi’-realistic
(binary) data from the same simulated gesture using 6 cameras; the degree of ambiguity is now
greater, hence a greater number of cameras was needed.
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shows the semi-real data for the same selection of frames, seen from the same view-
point as for the previous experiment, and a visualisation of the Corpulence model at the
converged %ML a5 seen from the same view. It has to be stressed that as the simulated
hand closes into a fist, the semi-realistic data Zj, is now a lot more ambiguous (com-
pare the silhouette data in the last snapshots of row 1 against those of row 2 in Fig.[2),
meaning that several distinct values for x exist that produce a model observation P(x)
close to the data. In such cases X is not unique, and  lies on an S-dimensional
ridge. Any algorithm that maximises the likelihood will be unable to choose between
positions along this ridge, and the subject’s true state x is therefore unobservable. Due
to this ambiguity the converged state X deviates significantly from  and tracking
with 2 cameras loses its realism at this stage. For this reason we used 6 cameras for this
experiment; the fact that more cameras helped the tracker converge to a state close to y
demonstrates that using data from different viewpoints reshapes the likelihood distribu-
tion and parts of the ridge are now suppressed so as to create a better-defined maximum,
thus improving the observability for x.

Finally, we tested the system under real data captured by 3 calibrated cameras run-
ning on 25 frames per second. We recorded our data in a controlled environment to
make segmentation easy; alternatively we could have used one of the existing real-time
foreground segmentation algorithms, e.g. [15]. We allowed 10 iterations for our sys-
tem to converge to X% in each frame of the data movies and this took around 2.5s
per 3-camera frameset using Matlab, meaning that future implementation of our system
in C will have real-time capability. Fig. 8] shows the data and the tracking results for
three different gestures as seen by one of the cameras. Again, our system’s capability to
track is reduced when the real data correspond to a hand closing to a fist. In such cases
(e.g. bottom row, second snapshot of Fig.[3)) the converged state X% corresponding to
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Fig. 3. Results from three experiments based on real data. Top Row: Minimal degree of self-
occlusion is encountered. Middle Row and Bottom Row: Severe cases of self occlusion as the

hand closes to a fist. Despite the lack of observability and our tracker converging to a ™% £ x
(e.g. bottom row, second snapshot from left), the deviation between %™ and x is small enough
for the tracked gesture to maintain its character. When the state becomes observable, the tracker

is able to converge to the unique X% = x once again.

these frames is close but not equal to , which is further down the same S-dimensional
ridge. Unfortunately, addition of more cameras was not an option in our real-data ex-
periment. Nevertheless, in subsequent frames, where there is less self-occlusion and the
state is more observable given the data (meaning that X’ is unique once again), the

tracker converges to the global maximum, and correct tracking resumes.

6 Conclusions

In this paper we have presented a system that can track a human hand of 26 degrees
of freedom, relying exclusively on 2D silhouette data which are easily available with
no need for special equipment or dedicated hardware. Our system is the first in the
literature to utilise derivatives of conic fields in order to establish a silhouette-driven,
gradient-based tracking scenario. The state-space of the resulting likelihood distribution
is thus searched faster, and the tracker converges to the global maximum in a minimal
number of iterations. Despite the limited number of cameras used in our real-data ex-
periments at this stage, our results are very promising: gestures suffering from exten-
sive self-occlusion are tracked successfully, whilst maintaining realism in the recovered
motion. Contrary to several existing systems, our algorithm requires no training stage,
which means that any previously unknown gesture can still be tracked.
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Limitations to the tracking ability of our system arise due to the inherent ambigu-

ity associated with silhouette data: in cases of severe self-occlusion the state becomes
unobservable and the tracked gesture becomes less realistic. Although this limitation is
not a problem in the majority of the gestures encountered in HCI applications, we aim
to address this issue by considering constraints about the subject’s posture without lim-
iting the tracking ability of the system to pre-specified gestures. This may be done via
a consideration of the functional limitations of the skeleton as in [[6]. Finally, we will
address the issue of state initialisation for the first frame by means of MCS methods.
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Abstract. We present an approach for tracking human body parts and
classification of human actions. We introduce Gaussian Processing An-
nealed Particle Filter Tracker (GPAPF), which is an extension of the
annealed particle filter tracker and uses Gaussian Process Dynamical
Model (GPDM) in order to reduce the dimensionality of the problem,
increase the tracker’s stability and learn the motion models. Motion of
human body is described by concatenation of low dimensional manifolds
which characterize different motion types. The trajectories in the latent
space provide low dimensional representations of sequences of body poses
performed during motion. Our approach uses these trajectories in order
to classify human actions. The approach was checked on HumanEva data
set as well as on our own one. The results and the comparison to other
methods are presented.

Keywords: Articulated body tracking, Dimensionality reduction, Ac-
tion classification.

1 Introduction

Human body pose estimation and tracking is a challenging task for several rea-
sons. First, the large dimensionality of the human 3D model complicates the
examination of the entire subject and makes it harder to detect each body part
separately. Secondly, the significantly different appearance of different people
that stems from various clothing styles and illumination variations, adds to the
already great variety of images of different individuals. Finally, the most chal-
lenging difficulty that has to be solved in order to achieve satisfactory results of
pose understanding is the ambiguity caused by body.

Despite the high dimensionality of the problem, many poses can be presented
in a low dimensional space This space can be obtained using poses from different
motion types [1I2]. This paper presents an approach to 3D people tracking and
motion analysis. In this approach we apply a nonlinear dimensionality reduc-
tion using Gaussian Process Dynamical Model (GPDM) [Bl4] and then we use
annealed particle filter [5], which has been modified to operate in the reduced
latent space. GPDM is better able to capture properties of high dimensional
motion data than linear methods such as PCA. This method generates a map-
ping function from the low dimensional latent space to the full data space based

G. Bebis et al. (Eds.): ISVC 2007, Part I, LNCS 4841, pp. 36]45] 2007.
© Springer-Verlag Berlin Heidelberg 2007
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on learning from previously observed poses of different motion types. For the
tracking we separate model state into two independent parts: one contains in-
formation about 3D location and orientation of the body and the second one
describes the pose. We learn latent space that describes poses only. The tracking
algorithm consists of two stages. Firstly the particles are generated in the latent
space and are transformed into the data space by using learned a priori map-
ping function. Secondly we add rotation and translation parameters to obtain
valid poses. The likelihood function calculated in order to evaluate how well a
pose matches the visual data. The resulting tracker estimates the locations in
the latent space that represents poses with the highest likelihood. As the latent
space is learned from sequences of poses from different motion types, each action
is represented by a curve in the latent space. The classification of the motion
action is based on the comparison of the sequences of latent coordinates that
the tracker has produced, to the ones that represent poses sequences of different
motion types. We use a modified Frechet distance [6] in order to compare the
pose sequences. This approach allows introducing different actions from the ones
we have used for learning by exploiting the curve that represents it.

We show that our tracking algorithm provides good results even for the low
frame rate. An additional advantage of our tracking algorithm is the capability
to recover after temporal loss of the target. We also show that the task of action
classification, when performed in the latent space, is robust.

2 Related Works

One of the common approaches for tracking is Particle Filtering methods. This
method uses multiple predictions, obtained by drawing samples of pose and
location prior and then propagating them using the dynamic model, which are
refined by comparing them with the local image data, calculating the likelihood
[7]. The prior is typically quite diffused (because motion can be fast) but the
likelihood function may be very peaky, containing multiple local maxima which
are hard to account for in detail [§]. Annealed particle filter [5] or local searches
are the ways to attack this difficulty.

There exist several possible strategies for reducing the dimensionality of the
configuration space. Firstly it is possible to restrict the range of movement of
the subject [9]. Due to the restricting assumptions the resulting trackers are
not capable of tracking general human poses. Another way to cope with high-
dimensional data space is to learn low-dimensional latent variable models [10].
However, methods like Isomap [I1] and locally linear embedding (LLE) [12] do
not provide a mapping between the latent space and the data space, and, there-
fore Urtasun et. al [I3] proposed to use a form of probabilistic dimensionality
reduction by GPDM [3/4] to formulate the tracking as a nonlinear least-squares
optimization problem.

During the last decade many different methods for behavior recognition and
classification of human actions have been proposed. The popular methods are
based on Hidden Markov Models (HMM), Finite State Automata (FSA),
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context-free grammar (SCFG) etc. Sato et al. [I4] presented a method to use ex-
traction of human trajectory patterns that identify the interactions. Park et al.
[15] proposed a method using a nearest neighbor classifier for recognition of two-
person interactions such as hand-shaking, pointing, and standing hand-in-hand.
Hongeng et al. [16] proposed probabilistic finite state automata for recognition
of a sequential occurrence of several scenarios. Park et al. [I7] presented a recog-
nition method that combines model-based tracking and deterministic finite state
automata.

3 GPAPF Tracking

The annealed particle filter tracker [5] suffers from several drawbacks. First of
all the number of the particles that need to be generated depends on the state
space dimensionality and, practically, on the frame rate. An increase in the
dimensionality of the state space causes an exponential increase in the number
of particles that are needed to be generated in order to preserve the same density
of particles. This makes this algorithm computationally ineffective for low frame
rate videos (30 fps and lower). The other problem is that once a target is lost
(i.e. the body pose was wrongly estimated, which can happen for the fast and
not smooth movements) it becomes highly unlikely that the next pose will be
estimated correctly in the following frames.

We propose using space reduction on the state of the particle filter. In order to
reduce the dimension of the space we propose using Gaussian Process Dynamical
Model (GPDM) [B4]. We embedded several types of poses into a low dimensional
space. The poses are taken from different sequences, such as walking, running,
punching and kicking. We divide our state into two independent parts. The first
part contains the global 3D body rotation and translation, which is independent
of the actual pose. The second part contains only information regarding the pose
(26 DoF). We use GPDM to reduce the dimensionality of the second part. This
way we construct a latent space (Fig. [). This space has a significantly lower
dimensionality (for example 2 or 3 DoF). The latent space includes solely pose
information and is therefore rotation and translation invariant. For the tracking
task we use a modified annealed particle filter tracker [5]. We are using a 2-stage
algorithm. The first stage is generation of new particles in the latent space,
which is the main modification of the tracking algorithm. Then we apply the
learned mapping function that transforms latent coordinates to the data space.
As a result, after adding the translation and rotation information, we construct
31 dimensional vectors that describe a valid data state, which includes location
and pose information, in the data space. In order to estimate how well the pose
matches the images the likelihood function is calculated [I8].

Suppose we have M annealing layers. The state is defined as a pair I' =
{A, 2}, where A is the location information and {2 is the pose information.
We also define w as a latent coordinates corresponding to the data vector (2:
2 = p (w), where p is the mapping function learned by the GPDM. A,, 1, 2, m
and wy, », are the location, pose vector and corresponding latent coordinates on
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Fig. 1. The latent space that is learned from different motion types. (a) 2D latent space
from 3 different motions: lifting an object (red), kicking with the left (green) and the
right (magenta) legs. (b) 3D latent space from 3 different motions: hand waving (red),
lifting an object (magenta), kicking (blue), sitting down (black), and punching (green).

the frame n and annealing layer m. For each 1 <m < M —1 A,, ,, and wy, m
are generated by adding multi-dimensional Gaussian random variable to A,, ;41
and wy, 41 respectively. Then §2,, ., is calculated using wy, . Full body state
Iym = {Anm, 2nm} is projected to the cameras and the likelihood 7, ., is
calculated using likelihood function.

The main difficulty is that the latent space is not uniformly distributed and
sequential poses may be not close on the latest space to each other. Therefore
we use a dynamic model, as proposed by Wang et al. [4], in order to achieve
smoothed transitions between sequential poses in the latent space. However,
there are still some irregularities and discontinuities. Moreover, in the latent
space each pose has a certain probability to occur and thus the probability to be
drawn as a hypothesis should be dependent on it. For each location in the latent
space the variance can be estimated that can be used for generation of the new
particles. In Fig. [i(a) the lighter pixels represent lower variance, which depicts
the regions of latent space that corresponds to more likely poses.

The additional modification that needs to be done is in the way the optimal
configuration is calculated. In the original annealed particle filter algorithm the
optimal configuration is achieved by averaging over the particles in the last layer.
However, as the latent space is not an Euclidian one, applying this method on
w will produce poor results. The other method is choosing the particle with

(imaa)

no where 7,02 =

the highest likelihood as the optimal configuration w, = w

argmin, (7753%) However, this is unstable way to calculate the optimal pose, as

in order to ensure that there exists a particle which represents the correct pose
we have to use a large number of particles. Therefore, we propose to calculate
the optimal configuration in the data space and then project it back to the latent
space. At the first stage we apply the p on all the particles to generate vectors
in the data space. Then in the data space we calculate the average on these
vectors and project it back to the latent space. It can be written as follows:

on = 7 (22, 100 (w11)).
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The resulting tracker is capable of recovering after several frames of poor
estimations. The reason for this is that particles generated in the latent space
are representing valid poses more authentically. Furthermore because of its low
dimensionality the latent space can be covered with a relatively small number of
particles. Therefore, most of possible poses will be tested with emphasis on the
pose that is close to the one that was retrieved in the previous frame. So if the
pose was estimated correctly the tracker will be able to choose the most suitable
one from the tested poses. At the same time, if the pose on the previous frame
was miscalculated the tracker will still consider the poses that are quite different.
As these poses are expected to get higher value of the weighting function the
next layers of the annealed will generate many particles using these different
poses. In this way the pose is likely to be estimated correctly, despite the miss-
tracking on the previous frame as shown in Fig. 2 Another advantage of our

frame 35 frame 36

Fig. 2. Losing and finding the tracked target despite the miss-tracking on the previous
frame

approach is that the generated poses are, in most cases, natural. In case of
CONDENSATION or annealed particle filter , the large variance in the data
space, can cause generation of unnatural poses. Poses that are produced by the
latent space that correspond to points with low variance are usually natural and
therefore the number of the particles effectively used is higher, which enables
more accurate tracking.

The problem with such a 2-staged approach is that Gaussian field is not
capable to describe all possible poses. As we have mentioned above, this approach
resembles using probabilistic PCA in order to reduce the data dimensionality.
However, for tracking issues we are interesting to get pose estimation as close as
possible to the actual one. Therefore, we add an additional annealing layer as the
last step. This layer consists only from one stage. We are using data states, which
were generated on the previous two staged annealing layer, in order to generate
data states for the next layer. This is done with very low variances in all the
dimensions, which practically are even for all actions, as the purpose of this layer
is to make only the slight changes in the final estimated pose. Thus it does not
depend on the actual frame rate, contrarily to original annealing particle tracker,
where if the frame rate is changed one need to update the model parameters (the
variances for each layer).
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4 Action Classification

The classification of the actions is done based on the sequences of the poses
that were detected by the tracker during the performed motion. We use Frechet
distance [6] in order to determine the class of the motion, i.e. walking, kicking,
waving etc. The Frechet distance between two curves measures the resemblance
of the curves taking into consideration their direction. This method is quite
tolerant to position errors.

Suppose there are K different motion types. Each type k is represented by a
model M}, which is a sequence of the [ + 1 latent coordinates My = {uq, ..., pu, }-
The GPAPF tracker generates a sequence of [ + 1 latent coordinates: I" =
{0, ..., p1}. We define a polygonal curve P¥ as a continuous and piecewise linear
curve made of segments connecting vertexes F = {v, ..., v, }. The curve can be
parameterized with a parameter a € [0,n], where P¥ () refers to a given posi-
tion on the curve, with P¥ (0) denotes vy and P¥ (n) denotes v,,. The distance
between two curves is defined as

F(PM Py = %}E{f (PMi (), PT(B)) : a[0,1] — [0, 1], B[0,1] — [0, 1]}

where f (PM: (a), PT () =max { [PV (a (1)) = PT (5 (0)) |2 ¢ € [0.1]}; o (1)
and (3 (t) represent sets of continuous and increasing functions with « (0) = 0,
a(l) =1, B(0) =0, 8(1) = I. The model with the smallest distance is chosen
to represent the type of the action.

While in general it is hard to calculate the Frechet distance, Alt et. al [6] has
shown an efficient algorithm to calculate it between two piecewise linear curves.

5 Results

We have tested GPAPF tracking algorithm using HumanEva data set. The data
set contains different activities, such as walking, boxing etc. and provides the
correct 3D locations of the body joints, such as hips and knees, for evaluation
of the results and comparison to other tracking algorithms. We have compared
our results to the ones produced by the annealed particle filter body tracker [19]
and compared the results with the ones produced by the GPAPF tracker. The
error measures the average 3D distance between the locations of the joints that
is provided by the MoCap system and by ones that were estimated the tracker
[19]. Fig. Bl shows the actual poses that were estimated for this sequence. The
poses are projected to the first and second cameras. The first two rows show
the results of the GPAPF tracker. The last two rows show the results of the
annealed particle filter. Fig. @la shows the error graphs, produced by GPAPF
tracker (blue circles) and by the annealed particle filter (red crosses) for the
walking sequence taken at 30 fps. The graph suggests that the GPAPF tracker
produces more accurate estimation. We compared the performance of the tracker
with and without the additional annealed layer. We have used 5 double staged
annealing layers in both cases. For the second tracker we have added additional
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frame 37 frame 73 frame 117 frame 153 frame 197

Fig. 3. Tracking results of annealed particle filter tracker and GPAPF tracker. Sample
frames from the walking sequence. First row: GPAPF tracker, first camera. Second
row: GPAPF tracker, second camera. Third row: annealed particle filter tracker, first
camera. Forth row: annealed particle filter tracker, second camera.

single staged layer. The Fig. @b shows the errors of the GPAPF tracker version
with the additional layer (blue circles) and without it (red crosses); Fig. Bl shows
sample poses, projected on the cameras. The improvement is not dramatic. This
is explained by the fact that the difference between the estimated pose using only
the latent space annealing and the actual pose is not very big. That suggests
that the latent space represents accurately the data space.

We have also created a database, which contains videos with similar actions,
produced by a different actor. The frame rate was 15 fps. We have manually
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Fig. 4. (a) The errors of the annealed tracker (red crosses) and GPAPF tracker (blue
circles) for a walking sequence captured at 30 fps. (b) The errors GPAPF tracker with
additional annealing layer (blue circles) and without it (red crosses) for a walking.
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(a) (b)

Fig. 5. GPAPF algorithm with (a) and without (b) additional annealed layer

Fig. 6. Tracking results of annealed particle filter tracker and GPAPF tracker. Sample
frames from the running, leg movements and object lifting sequences.

marked some of the sequences in order to produce the needed training sets
for GPDM. After the learning we validated the results on the other sequences
containing same behavior.

5.1 Motion Classification

The classification algorithm was tested on two different data sets. The first set
contained 3 different activities: (1) lifting an object, kicking with (2) the left
and (3) the right leg. For each activity 5 different sequences were captured. We
have used one sequence for each motion type in order to construct the models.
The latent space was learned based on the poses in these models (Fig. [[la). The
latent space had a clear and very distinguishable separation between these 3
actions. Therefore, although the results of the tracker contained much noise as
shown in Fig. [l the algorithm was able to perform perfect classification.

The second set contained 5 different activities: (1) hand waving, (2) lifting
an object, (3) kicking, (4) sitting down, and (5) punching. Once again 5 differ-
ent sequences were captured for each activity. The cross validation procedure was
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Table 1. The accuracies of the classification for 5 different activities: hand waving,
object lifting, kicking, sitting down, and punching. The rows represent the correct
motion type; the columns represent the classification results.

Hand waving Object lifting Kicking Sitting down Punching

Hand waving 15 0 0 0 5
Object lifting 0 17 0 3 0
Kicking 0 0 20 0 0
Sitting down 0 3 1 16 0
Punching 6 0 20 0 14

Fig. 7. Tracking trajectories in the latent space for different activities: (a) lifting an
object, kicking with (b) the left and (c¢). On each image the black lines represent
incorrect activities, the red line represents the correct one, and other colored lines
represent the trajectories produced by the GPAPF tracker.

used to classify the sequences (see Fig.[Ilb). The accuracies of the classification,
as shown in Table [0 are 75, 85, 100, 80, 70 percent for the above interactions
(1)-(5) respectively. The low classification rates of actions involving the hand
gestures are due to the similarity of the native actions. The low classification
rates of sitting down and object lifting actions are due to the high self occlusions,
which caused the tracker to perform wrong estimations of the actual poses.

6 Conclusion and Future Work

We have introduced an approach for articulated body tracking and human mo-
tion classification using a low dimensional latent space. The latent space is con-
structed from pose samples from different motion types. The tracker generates
trajectories in the latent space, which are classified using Frechet distance.

The interesting issue that has not been solved yet is to perform classification
of the interactions between multiple actors. While a single persons poses can
be described using a low dimensional space it may not be the case for multiple
people and the ability to construct a latent space has not been proven yet.
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Abstract. We introduce a framework for object detection and tracking
in video of natural outdoor scenes based on fast per-frame segmentations
using Felzenszwalb’s graph-based algorithm. Region boundaries obtained
at multiple scales are first temporally filtered to detect stable structures
to be considered as object hypotheses. Depending on object type, these
are then classified using a priori appearance characteristics such as color
and texture and geometric attributes derived from the Hough transform.
We describe preliminary results on image sequences taken from low-flying
aircraft in which object categories are relevant to UAVs, consisting of
sky, ground, and navigationally-useful ground features such as roads and
pipelines.

1 Introduction

The problem of segmenting an image into semantically meaningful units is a
fundamental one in image processing. Watersheds [I], mean-shift clustering [2],
and graph theoretic [BA56] techniques which group pixels based on proximity,
color, texture, and other Gestalt characteristics are powerful tools, but none
are silver bullets. Besides practical issues of running time or the necessity of
some user interaction [4], the key issue is what objects, if any, correspond to the
segmented regions (aka superpizels). Given the frequency of oversegmentation,
in which objects are broken in multiple superpixels, or the opposite phenomenon,
a realistic hope of resolving this issue is only possible in constrained scenarios
in which much is known a priori about the objects in the scene. A sample of
recent work tackling superpixel grouping and classification includes the domains
of human body pose recognition [7], categorizing scene surface layout [§], and
finding trees, vehicles, and buildings in aerial images [9].

In this paper we take inspiration from such work in proposing a multi-stage
framework for object detection and tracking that is based on the output of the
graph-based image segmentation algorithm of Felzenszwalb and Huttenlocher [6]
(aka the FH segmenter). One major advantage of the FH segmenter is its speed:
on an Intel Core2 Extreme X6800, it segments 360 x 240 color images at over
30 Hz, compared to several minutes per image using spectral graph cut methods
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© Springer-Verlag Berlin Heidelberg 2007



Superpixel Analysis for Object Detection and Tracking 47

[35]. This makes it practical to use for real-time video. Thus, a chief novelty
of our approach is that we can analyze superpixels over time for consistency
according to the intuition that temporally transient borders are likely spurious.
Candidate superpixels that pass this restrictive test are further examined using
region characteristics such as color, texture, and shape to see if they match any
of the objects we are searching for.

The task area we apply the framework to here is navigation and control for
unmanned aerial vehicles (UAVSs) flying at very low altitudes (under 500 m).
There are many possible image processing tasks for UAVs; we focus on horizon
detection for attitude determination and recognizing ground features for navi-
gation. At such low altitudes, terrain relief means that the horizon may be quite
jagged (see Fig.[D) rather than straight as most work assumes [TO/ITIT2]. Raw
segmentations of mountainous images are shown in the classification approach
of [13], but there is no discussion of explicit recovery of the boundary curve in a
single image or tracking it over time.

Other object categories of interest besides sky and ground are navigationally-
useful linear features along the ground, which we term ¢rails. These include engi-
neered artifacts such as dirt and paved roads and above-ground pipelines, but also
natural phenomena like rivers and streams. While vision-based road segmentation
is a well-studied topic for unmanned ground vehicles [T4UT5T6], the relatively large
size and stable centroid of the road region in their camera view allows a robust ap-
proach to shape estimation from edges and easy sampling of on-road pixels that is
not possible from a low-altitude UAV perspective. From the air, trail pixels do not
dominate the image, making mere detection of the trail among many other fea-
tures a difficult aspect of the problem. Also, the camera platform is often anything
but stable due to wind gusts and pitching and rolling as the UAV maneuvers, caus-
ing the horizon and trail to go in and out of view. Unfortunately, because of the
wide range of shapes and appearance characteristics possible, aerial trail finding
is not amenable to traditional machine learning-based object detection methods
such as the face- and person-finders of [I7I18§].

Image processing techniques for road or pipeline tracing in higher altitude im-
agery [T9120127] also do not carry over directly. The low-altitude UAV perspective
is unlikely to be straight down, leading to perspective effects like non-parallel
road edges. On the positive side, though, enough pixels can typically be resolved
within the trail region to gather detailed appearance statistics. Examples of ex-
isting techniques that are more tracing-oriented than region-based include [22],
which demonstrates tracking of a short, straight runway with relatively high
contrast from a UAV, and [23] from the same authors, which tracks video of
a slightly curving canal. The tracker in the latter paper initializes automati-
cally under the assumption that the ground feature is homogeneous, only gently
curved, and occupies a fairly large fraction of the image. [I3] has some results
on finding straight roads in low-altitude aerial images using a Hough transform
on static images only, with no tracking.

The organization of the paper is as follows. First, we detail our methods for
discriminating between the sky and ground objects reliably and tracking the
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border between them. Second, we discuss preliminary results on extending our
superpixel analysis method to trail detection for several trail types. Finally, we
present a separate section of results processed offline on three diverse sequences:
a winding canyon road in the desert, a flyover of a section of the Alaska pipeline,
and a helicopter flight along a mountain stream.

2 Sky/Ground Discrimination

The FH segmenter works by greedily splitting regions when the intensity differ-
ence along the candidate child regions’ border exceeds their internal intensity
variations by a certain threshold (color image segmentations result from merging
the segmentations of their channels). Two key parameters govern the operation
of the segmenter: k, which sets the threshold for splitting, with larger k lead-
ing to a preference for the retention of larger regions; and min, which sets an
absolute minimum on the area of any region that is output.

Applying Felzenszwalb’s code for the FH segmenter to the canyon sequence
images in the first row of Figure [l with standard parameters k& = 100 and
min = 100 (explanation below) yields the segmentations shown in the second
row of the figure. The colors of the segmentation are randomly generated to show
superpixel memberships. While the sky-ground border is clearly visible, it is but
one of many edges generated by this oversegmentation. Because the object we
are looking for, sky, is expected to be a large region, we can obtain a cleaner
segmentation with a different set of FH segmenter parameters. We bias the
segmenter to find much larger regions by changing k to 500 and setting min = 5%
of the area of the image. This results in the segmentations shown in the third
row of the figure. Over all of our data, these parameters yield 2-5 superpixels
in almost all images of the canyon sequence. The sky-ground border is generally
very stable, with only transient “extra” regions due mostly to cloud formations,
hazy distant terrain, and intermittent video transmission interference when the
capture device was not onboard the aircraft (as seen in the right column of
Figure [II).

We were able to temporally filter these superpixel borders directly to get quite
good results for the sky-ground dividing line, but because of the mountainous
terrain in the canyon sequence and the steep banking of the UAV, it is not
always clear from geometry alone which side of the line is sky and which is
ground. It is thus desirable to differentiate the two based on region characteristics
such as color. There are many options here, but we chose to use the surface
layout classifier of [8I24]. This method divides images into geometric classes
corresponding to three kinds of surfaces: support (aka ground), vertical, or sky.
Within the vertical class are several subclasses corresponding to different normal
directions if the surface is planar and the designations solid or porous if it is
not. A particular pixel is labeled by a learned classifier using features such as
as image location, color, texture, and any association with vanishing points.
An important aspect of the classification process is that pixels are not labeled
independently, but rather in groups by superpixel. They use the FH segmenter
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Raw images

FH segmentation (k = 100, min = 100, same as [8])

FH segmentation (k = 500, min = 5% of image area)

L P P S I R B
L ASRERT AR DD 1 _ﬂ

Surface layout classification of [8] using larger superpixels

-

Our filtered sky segmentation (after dilation)

Fig. 1. Sky-ground object detection steps for two images. The horizontal bar in the
right image is a wireless video transmission artifact.
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with the parameters £ = 100 and min = 100 for all of their results, which is why
we show what is obtained with these parameters in the second row of Figure [II).

Feeding these to the author-provided implementation of the scene layout al-
gorithm (the later version from [24]) with the outdoor-trained version of their
classifier yields the classifications shown in the third row of the figure. The scene
layout labels are indicated by tinting: blue for sky, red for vertical, and green
for support. Subclasses within vertical are indicated by overlaid icons: “O” for
porous, “X” for solid, or an arrow for the normal direction of planar surfaces. One
can see that the support and vertical class labels, as well as vertical’s subclass
labels, are mostly non-informative. The sky label is only reasonably accurate,
with a sample from the entire sequence indicating that nontrivial fractions of
the sky are mislabeled in over 50% of the frames.

We were able to significantly improve the accuracy of the scene layout sky labels
by rerunning the segmenter with the parameters that yield larger regions. The new
scene layout labels with these parameters are shown in row four of the figure. The
erroneous results shown are not representative: the scene layout classifier actually
does quite well overall. A manual tally of the entire canyon sequence (2500 frames)
shows that a majority of sky pixels are mislabeled in only 9% of the images—most
commonly as vertical—with a non-zero minority of the sky mislabeled in about
2%. Practically none of the ground pixels are mislabeled as sky. These numbers
agree quite well with the confusion matrix in [24].

Our point in showing error examples is to motivate our use of temporal fil-
tering: simply trusting a single-image classifier, however good, will occasionally
result in nonsensical output. We know more: the sky region does not disappear
and reappear from frame to frame—it has continuity of appearance and shape.

Before describing our tracking framework, we should mention that we also
modified how the scene layout classifier’s output is interpreted. We found that
misclassifications of the sky as vertical most often resulted from random fluctu-
ations in the two class likelihoods when they were nearly the same magnitude.
We observed that the sky likelihood distribution was quite bimodal, and that
instead of choosing the class with the highest likelihood for a superpixel, setting
a low threshold on the sky likelihood for classification as simply sky or not sky
eliminated almost all such errors.

2.1 Temporal Filtering

Going beyond performing segmentations and scene layout classifications de novo
on each frame is fairly straightforward. Let B; be the sky-ground boundary ob-
tained after the steps of the previous subsection for frame ¢. B; is simply repre-
sented as a set of points along the border of the sky region (after some smoothing
and cropping to eliminate image edge effects and capture artifacts). There are no
restrictions on connectivity or indeed any attempt made to parametrize the curve.

We want to mitigate the effects of transient classification errors and seg-
mentation artifacts by temporal smoothing. We choose a majority filter: given
n successively segmented borders B;_,t1,...,B; registered with one another
(i.e., motion stabilized), an aberrant border segment or even an entire missing
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border can be detected by treating each B, as voting for a particular hypothesis
and only accepting those that achieve consensus. We do this by spreading each
border out with a linear falloff, summing, and thresholding.

In order to register each sky-ground boundary B; with its predecessor B;_1,
we assume that a 2-D rigid transformation is a good approximation of horizon
movement over a short time scale (in fact, we found that translation alone is
good enough). RANSAC [25] does quite well at registering successive curves in
the face of possible large outliers. Over the long term, nonlinear deformation
occurs as new mountains come into view; this is handled implicitly with the
finite “memory” of the border voter buffer, with n = 5.

Example filtered sky-ground regions are shown in the last row of Figure[l]). Some
small misregistrations remain because of the implicit lag of the majority filter.

3 Trail Detection

Besides the control benefits of horizon orientation information for a UAV, finding
the sky region is also critical for successful trail detection. First, since we know
the trail is on the ground, sky pixels can be masked out, reducing the image area
to search and helping efficiency. Second, accuracy is also improved: since the
horizon line is often the highest-strength edge in the image, removing it makes
voting techniques for identifying trail edges less susceptible to distraction.

We make several simplifying assumptions. First we assume that there is a trail
visible over nearly all of the image sequence—we are not trying to decide whether
there is a trail or not, only to find and parametrize it in a way that could be
passed to a flight control system. This does allow for the trail to briefly disappear
from view as the aircraft maneuvers. A second assumption is that there is only
one trail visible over the sequence. Parallel roads, forks, and intersections are not
accounted for, as they introduce ambiguity about which trail is to be followed.
Finally, we assume that the off-trail terrain is natural rather than urban, as
our primary means of recognizing trails is through the rarity of the structural
regularity associated with them.

Our approach to trail detection is similar to that for sky segmentation: first
the image is segmented into superpixels, of which we expect trail edges to be
relatively stable. Applying a region classifier along the lines of the scene layout
method described above is problematic because trails have much more appear-
ance variation than sky and we do not know a priori which kind of trail we are
tracking. Rather, we narrow the candidates using a geometric test based on the
intuition that trails often have linear or smoothly curving borders, unlike the
natural background that occupies the rest of the image. Surprisingly, even the
river trail shown in Figure 2, which has somewhat a stochastic boundary shape,
fits this profile for much of its length.

This test currently consists of a Hough transform applied to the superpixel
borders (using a different set of segmentation parameters k£ = 200, min = 1000).
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Fig. 2. Sample object detections. The envelopes of trail detections are demarcated in
green; dark spots in the ground regions are compression artifacts.
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The top line candidates associated with the trail should cluster by vanishing
point, which is trackable with filtering. Using the superpixel borders rather than
low-level edge features such as Canny or gradient magnitude allows more sophis-
ticated grouping information such as color and texture to play a role, if at some
cost of smoothness.

4 Results

Our results are summarized with sample object detections on all three sequences
in Figure 2. Each sequence exhibits artifacts of some kind: the canyon sequence
has a fair degree of video transmitter interference, and the pipeline and river
sequences have significant compression artifacts. Nonetheless, the algorithm pre-
sented here performs extremely well on all three at sky-ground border tracking.
Trail detection results are somewhat preliminary, as further filtering could be
done to counter noise in the segmentation, but still quite promising, especially
for the pipeline sequence. Counter to one of our assumptions above, there is
ambiguity in the pipeline sequence about what the trail is: the pipe itself, the
road, or both? This is reflected in the trail object finder shifting around a bit
between these alternative interpretations.

We note that the sky-ground tracker’s ability to handle the disappearance and
reappearance of the horizon is shown in the pipeline images. Also seen in the
river sequence is the phenomenon of flipping back and forth between sky and
ground classifications for distant mountains, which through haze have a similar
color to the sky. The filtering mechanism smooths these transitions.

5 Conclusion

We have demonstrated a promising approach to object detection and tracking in
video that is based on appearance and geometric analysis of quickly-segmented
superpixels. The competence of the technique was shown through application to
several realistic UAV tasks and over diverse image sequences.

Our current work focuses on the trail detection component. While the lin-
ear Hough transform is a reasonable start, further refinement to estimate trail
curvature and smoothness is necessary. Rather than approximating the trail
boundaries with parametric curves as we currently do, we are investigating how
to extract irregular boundaries directly from the segmentation.
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Nonuniform Segment-Based Compression of Motion
Capture Data
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Abstract. This paper presents a lossy compression method for motion capture
data. Each degree of freedom of a motion clip is smoothed by an anisotropic dif-
fusion process and then divided into segments at feature discontinuities. Feature
discontinuities are identified by the zero crossings of the second derivative in the
smoothed data. Finally, each segment of each degree of freedom is approximated
by a cubic Bézier curve. The anisotropic diffusion process retains perceptually
important high-frequency parts of the data, including the exact location of discon-
tinuities, while smoothing low-frequency parts of the data. We propose a hierar-
chical coding method to further compress the cubic control points. We compare
our method with wavelet compression methods, which have the best compres-
sion rates to date. Experiments show that our method, relative to this work, can
achieve about a 65% higher compression rate at the same approximation level.

1 Introduction

Motion capture data is now widely used in games, simulations, and animation. A motion
is represented in motion capture data as an ordered sequence of frames. Each frame
specifies all positions, orientations, and joint angles for a pose at a certain point in
time. Each pose parameter is called a degree of freedom (DOF). How to efficiently
store such data in usable form with limited memory resources is still a challenging
problem. Compression is possible for motion capture data because of two properties:
temporal coherence and DOF correlations [[1l]. Temporal coherence is present in motion
capture data because all DOFs are sampled simultaneously from the same continuous
physical motion. Due to the physical limits inherent in its origin, motion data can be
approximated by continuous functions, such as splines, wavelets, or linear dynamical
systems, which can capture temporal coherence. Correlation between different DOFs
is caused by the fact that all DOFs are related to the same physical structure. Also of
importance is the fact that some DOFs are more important perceptually than others.
Therefore, it is possible to remove redundancy between DOFs using dimensionality
reduction techniques and also to omit some uninfluential DOFs without significantly
affecting the perceptual accuracy.

There are two kinds of compression: lossless and lossy. Lossless compression has
zero error but cannot achieve high compression rates. Lossy compression techniques
can achieve higher compression rates but always involve a tradeoff between compres-
sion rate and error. The goal of a lossy compression method such as the one we present
here is to achieve the best ratio between compression rate and error. Compressing in

G. Bebis et al. (Eds.): ISVC 2007, Part I, LNCS 4841, pp. 56163] 2007.
(© Springer-Verlag Berlin Heidelberg 2007
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both temporal and DOF spaces can achieve better compression rate than temporal com-
pression only [2]]. However, compressing individual DOFs makes reuse of the motion
data and update of the database easier. Beaudoin et al presented a wavelet compression
method [1]] based on cubic interpolating biorthogonal wavelets which exploited tempo-
ral coherence only. This method has achieved the best compression rate relative to error
so far, so we use it as our baseline method for performance comparison.

In this paper, we present a lossy compression method for motion data clips. We first
divide motion data in each DOF into segments at feature discontinuities. We define
feature discontinuities by zero crossings of the second derivative after an anisotropic
smoothing process has suppressed less important detail. The segments bounded by the
feature discontinuities can be approximated by cubic Bézier splines. Based on the hi-
erarchical structure generated from the anisotropic diffusion smoothing process, we
further code the cubic control points using a hierarchical coding method. We exploit
temporal coherence at each DOF, possibly achieving a different compression rate for
each.

The specific contributions of this paper are as follows. We present a simple compres-
sion method which achieves very high compression rates compared with previous work.
We smooth motion data using anisotropic diffusion, which avoids the influence of noise
on the compression rate, and we segment a motion non-uniformly and hierarchically
based on its intrinsic structure. We do not rely on heuristic parameters as previous work
does. Heuristic parameters may cause the system to fail when the parameter selections
are not appropriate. Unlike some other previous work based on exploiting inter-DOF
correlation, the motion clips in our compressed database can be decompressed inde-
pendently. Updating the database also will not influence the compression of unchanged
data. Finally, the decompression is fast enough for real-time applications. It is very easy
to evaluate the motion at any point in time directly from our compressed representation.

2 Related Work

Compression operates by removing redundant information. Motion data compression
exploits redundant data across three dimensions: the temporal dimension, the DOF di-
mension, and the motion clip dimension [2].

For motion capture data, decorrelation of temporal redundancy can be done by
wavelet transformations and decorrelation between DOFs or motion clips can be done
with principal component analysis (PCA). Guskov and Andrei [3] encoded differen-
tial wavelet coefficients to compress an animation sequence. Beaudoin et al proposed a
modified wavelet technique [|L] with properties well-suited to motion data. They worked
directly with joint angles and use a cubic interpolating spline wavelet basis. Liu and
McMillan [4] compress the raw 3D marker positions obtained from motion capture
using PCA. Temporal redundancy is then exploited by adaptively fitting cubic splines
to the reduced-basis coefficients and only storing the keyframes for the resulting cubic
splines. Other temporal simplifications have been used to extract key poses in an anima-
tion sequence [5l6]], space-time optimization [7], and motion editing [89]]. Ibarria and
Rossignac proposed a predictor/corrector method to exploit temporal coherence
between frame meshes.
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Compression can also exploit redundancy between DOFs. The behavior of a large
number of DOFs can often be expressed relative to the behavior of a lower-dimensional
set of data. Safonova et al used a low-dimensional space to represent a high-
dimensional human behavior. Their work showed that 10-20 DOFs can represent a mo-
tion of 40-60 DOFs for a typical human skeleton model. Representations of poses in
a reduced dimensional space have been proposed for applications other than compres-
sion, including animation retrieval [12]], motion editing [13I14]], and motion synthesis
and texturing [T3IT6I17/18]]. PCA can also compress motions by exploiting inter-DOF
redundancy. Liu and McMillan [4] used PCA to extract a reduced marker set which can
represent a full body pose. PCA can be used to compress shapes or animations. PCA
compresses shapes by finding portions of the mesh that move rigidly and only encoding
the rigid transformation and residuals [T9120].

Compression over the motion clip dimension is useful when the database has many
related motion clips. Arikan applied clustered PCA to compress linearly related
motion clips. They connected all motion clips in the database to a long sequence. They
uniformly divided this sequence into segments of same length. Then they exploited both
joint correlations and time coherence by using PCA for each segment. Instead of using
joint angles directly, virtual markers computed from joint angles are used as an internal
representation. Since joint angles are required by current game and simulation engines,
extra time and storage are needed for conversion back from this representation, however.
This method has a good compression rate but requires a complicated and expensive
compression procedure. If the database contains too many linearly unrelated motions,
which is a common case, then clustered PCA among motion clips may also produce
artifacts.

Relative to previous work, we are most comparable with the wavelet approaches,
since we only exploit temporal redundancy. However, this has advantages since it makes
database update and access easier. We will compare our compression rates with the best
previous wavelet approach [1]] as well as with a Haar wavelet approach.

3 Nonuniform Segment Compression

We assume a motion clip can be regarded as a d-channel sequence of length n. The
value d specifies the number of degrees of freedom, including the translation and rota-
tion of the root and rotations for each joint. The value n specifies the number of frames.
We assume the motion is sampled at regular intervals and the number of DOFs does not
change from frame to frame or between motion clips. We model the data for each DOF
as a sequence of values M = {my,mg, - -+, m, }, which can be interpreted as sampled
curve. We segment this curve into variable-length segments at its own natural disconti-
nuities and use a cubic Bézier curve to approximate each segment. The boundary points
are indicated by zero-crossings of the second derivative.

Motion databases often have a great deal of noise. To avoid noise impacting the
segmentation result, we smooth each DOF curve while maintaining the position of
the boundary points between segments using anisotropic diffusion. This smoothing re-
moves boundary points selectively, so the number of segments decreases monotonically
as we go to coarser scales.
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3.1 Motion Curve Smoothing

For motion curve smoothing, we use the Perona-Malik anisotropic diffusion filter [21]],
which was originally proposed as a noise reduction algorithm for image edge detection.
The Perona-Malik filter is a diffusion process that encourages intra-region smoothing
while inhibiting inter-region smoothing. The smoothing process can avoid the blurring
and localization problems of filters based on convolution. It has the useful property of
maintaining the positions of natural discontinuities across scales.

The continuous form of the 1D anisotropic diffusion filter applied to a continuous
signal f(x) is

aasf(x,s) = ;m . (c(m,s) aif(x,s)) ) (1)

The value s is the scale. The function c is a conductance function and is a monotonically
decreasing function of the first derivative. We use the following conductance function:

c(z,s) = exp (— (/ﬁlaamf(x,s)>2> . )

We discretize Equation [I] over the sequence M. By replacing the scale s with the
number of iterations ¢ = A~ 's, we get the following implementation:

mi Tt =mg + Ae(i + 1,0)(mZ ., —mT)

=Xe(i —1,0)(m{ —mJ_4). 3)
The boundary conditions are m? = m;, m{ = my, and m{ = m,. The value ¢ is
the frame number and satisfies 1 < ¢ < n. For stability, we must have 0 < A < 1/4.
The conductance values are conceptually interdigitated with the smoothed signal with
c; between m; and m; ;. The value c(i,0) is given by g(m7, , — my), where the
function g takes the form given by Equation 2l but with the difference given replacing
the derivative.

The value « is called the diffusion constant which controls conduction. The value x
can be set as a constant, but a too-small £ may cause staircases in the smoothed result
and slow convergence, while a too-large ~ may cause diffusion across boundaries. The
“noise estimator” proposed in could be used for a more appropriate « setting. We
use the Canny noise estimator which computes a histogram of the absolute values of
the gradient and sets « to the 90% percentile at each iteration.

We use the distortion error proposed in [1]] to control the number of iterations. The
distortion error is defined as:

1 ol
o= | DD (wi—z)?. 4)

j=1 i=1

The value x; is the 3D position of the endpoint of each bone and x; is the 3D position of
each such endpoint reconstructed from the compressed data. The value [; is the length

of the joint j,and [ = 3°7_, ;. The value l; normalizes the influences of the lengths of
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the joints. In other words, this is a weighted error metric where longer bones are given
more weight. The value p is the number of joints. For each joint 7, we compute the error

1 n , l
&= (1) ; 5)

i=1

When €; > wje2 /p, the iterations for joint j are halted. The values w; are the weights
assigned to each joint, which have the porperties: 0 < w; < 1 and Z’;:l wj = 1.

3.2 Motion Curve Segmentation

To extract the boundary points of segments, we apply the 1D Canny edge detector to
the smoothed curves. The Canny edge detector detects boundaries at the zero-crossings
of the second derivative of data when the gradient magnitude is also above some thresh-
old o, i.e., 809322 f(z,s) = 0and |60$ f(z,s)] > «. The positions of the zero crossings
of the second derivative are invariant under anisotropic diffusion and so can be aligned
across scales. Coarser scales simply eliminate weaker boundary points. An example is
shown in Figure[l

Fig. 1. Anisotropic diffusion smoothing of a motion curve. The boundary points are lined up at
the same positions in different scales.

At each scale o, the boundary points divide the original data M = {mq,---,my}
into k& segments with 1 < k < n. The jth (1 < j < k) segment M[j : j + ;] =
{my,---,mjq,} is a subsequence of length /.
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The anisotropic diffusion process inhibits smoothing across regions with large values
of the first derivative. The segmentation strategy identifies boundaries with zero values
of the second derivative. A cubic Bézier curve is enough to approximate each segment
with a very small approximation error. The segment [j : j+1;] is fitted to a cubic Bézier
curve and is represented by a vector including the length and three cubic control points.
The last control point of one segment is the first control point of the next segment,
except for the first segment and the last segment of the curve. Applying this process to
all DOFs constructs a multichannel compressed sequence.

4 Hierarchical Coding

A motion curve of n frames is represented using 3k + 12 cubic control points approx-
imating each of the segments identified by the algorithm given in Section[3] where the
value k is the number of segments. The entire sequence is approximated with C° con-
tinuity. If we quantize each control point to 16 bits, the original data data requires 16n
bits of storage is compressed to 16 x (4k 4+ 1) = 64k + 16 bits, including 3k + 1
bits to store the control points and 8% bits to store the offsets of each segment. The
compression rate is therefore n/(4k + 1). However, the anisotropic diffusion algorithm
also generates a natural scale-space hierarchy, and we can exploit this to gain further
compression efficiency.

Scale S

Scale t

Fig. 2. Hierarchical coding
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The hierarchical coding method is illustrated in Figure [2 Basically, if we have a
coarse scale curve .S, we can code the segment curves of a fine scale ¢ relative to S in
fewer bits. Suppose scale S has one segment with 4 control points Cy = Py, Cs, Cs,
and Cy. In Figure [ the scale ¢ has five segments. The number of points in ¢ should
be no less than the number of points in S. We can estimate the control points @1, Q2,
@3, Q4 in the first segment of scale ¢ using Py, P, P, and Py. Then we only have to
code the differences between the estimated values and the true values, and usually the
differences can be encoded in fewer bits.

Since the points P; (1 < i < 4) are very close to the points ();, we can use the
difference P;, 6; = (); — Py, and the offset r from Q4 to (1, to represent ;. The point
P; can be computed by the points P;, Cs, Cs, and Cy. Each ¢; is small enough to be
stored in 8 bits (or fewer, using more sophisticated variable-rate schemes, but this can
be done in a postprocess). Our experiments have shown that there are very few cases
that each of these values cannot fit in 8 bits. If the value cannot fit in 8 bits, we use an
extra small space to save it.

We code all other segments in scale ¢ using the same method. To represent any scale
with k segments, the compressed data includes 4 control points in the coarsest scale .S
which require 4 x 16 bits of storage, the differences 6§ which require (3k + 2) x 8 bits
of storage (in which 2 x 8 bits are used to store the starting and ending points ()1 and
@5), and the offsets » which require k& x 8 bits of storage. The total required storage is
32k 4+ 80 bits. The compression rate achieved by this hierarchical coding method, not
even using variable-rate coding, is therefore (64% + 16)/(32k + 80).

5 Reaults

We tested our implementation using the CMU motion capture database [23], which con-
tains 4 million frames (about 9.3 hours sampled at 120Hz). The database contains 2493
AMC files ranging in length from about 100 frames (0.83 seconds) to 23000 frames
(191.67 seconds). The database consists of various kinds of motions, including walk-
ing, running, kicking, jumping, boxing, dancing, and gymnastics. The uncompressed
database requires 3.6GB of storage. We used the ASF skeleton file, which has 62 de-
grees of freedom. We ran all experiments on a machine with 512MB of memory and a
3GHz Intel Pentium 4 processor.

We use two baseline methods for performance comparisons. The first baseline is the
cubic interpolating bi-orthogonal wavelet compression (BWC) method [1l]. BWC is a
reasonable baseline method because it is very recent work and has the best results for a
temporal coherence scheme to date. Unfortunately, this paper did not present many ex-
amples suitable for direct comparison. Therefore, we also use another baseline wavelet
method HWC similar to BWC. HWC transforms the original motion data using the
simpler Haar wavelet basis but uses the same coefficient selection method as BWC.

A wavelet coefficient selection algorithm [[1]] determines how to quantize coefficients
optimally. It selects dn/r coefficients from among the dn wavelet coefficients, taking
all DOFs into account. Other wavelet coefficients are clamped to zero. A heuristic simu-
lated annealing method is used to compute the vectors ¢ € [0, n]¢ and Z§:1 cj =dn/r.
The value c¢; is the number of wavelet coefficients that are selected for compressing the
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Table 1. Compressed size and compression rates using BWC, HWC, and NSC. The uncom-
pressed running motion takes 35.8KB of storage (148 frames). The uncompressed jumping mo-

tion takes SO5KB of storage (2085 frames).

BWC
48:1
38:1
29:1
16:1
7.0:1
51:1
37:1
27:1
15:1
6.4:1

HWC
0.8 45:1
099  36:1
143 25:1
256 14:1
6.07 59:1
10.31  49:1
153 33:1
21.96 23:1
42.08 12:1
91.82 5.5:1

0.51
0.66
0.85
1.23
2.86
7.01
9.02
11.22
15.78
34.59

NSC
70:1
54:1
42:1
29:1
12.5:1
72:1
56:1
45:1
32:1
14.6:1

(&

14 075
2096 0.94
058 1.24
2026 2.18

0.08 5.08

0.67 9.97
2045 135
£029 184
2014 329

0.05 792
100 [ HWC

Il NSC

140

120

80

60

Average Compression Rate

401

201

ol =

0.05

0.

Error

\I HI i 1
1 0.2 0.5 0.7

1.0

15

Fig. 3. The average compression rate of the whole database for each error using HWC and NSC.
The error is the average joint distance error in cm.

joint j. The vector c is selected to minimize the distortion error presented earlier in
Equation[] More details can be found in the original paper.

We use the same motion examples as Beaudoin €t al [1]] to compare our method
(NSC) with BWC and HWC (Table[T)). All compressed results are further coded using
gzip, which yields an additional 1.1:1 compression ratio. Table[Ilshows that on average,
over the various error rates chosen, NSC achieves a 50% higher compression rate than
BWC and 61% higher compression rate than HWC for the running motion, and a 65%
higher compression rate than BWC and a 79% higher compression rate than HWC for

the jumping motion.
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To broaden our evaluation, we have also compressed the whole database. The
comparison results are shown in Figure3. NSC is slower than BWC and HWC in com-
pression time due to the iterative nature of anisotropic diffusion. However, compression
time is not as important as decompression time. The average compression time per
frame of NSC is about 1 ms. However, the average decompression time from NSC is
about 95us per frame, which is much faster than real time. At 120Hz, we can decom-
press 87 motions simultaneously.

As mentioned in [1I], visible artifacts will appear when ¢, > 0.5. The most visi-
ble artifact is footskate. There exist sophisticated methods to solve the footskate prob-
lem [242)1]]. We use the method proposed in [1l], which compresses the foot joints
separately and uses inverse kinematics to remove the footskate.

6 Conclusion

This paper presents a lossy compression method based on nonuniform segmentation.
Motion curves at each DOF are segmented at feature discontinuities. A cubic Bézier
curve is then used to approximate each segment. The cubic control points are further
coded using a hierarchical coding method. We compare our method with the latest re-
lated work and an optimized Haar wavelet method. Our experiments show that this
method can achieve about 65% higher compression rates than previous work with the
same distortion error, and that the compression improvement increases for lower error
tolerances. This method is easy to implement and has a fast decompression speed which
makes it suitable for game and animation engines.

One disadvantage of this method is the comparatively slower compression process.
However, this problem is not critical for most real-world applications, and it may be pos-
sible to use better anisotropic diffusion implementations in the future, such as multigrid,
to address this.

In this paper, we only exploit temporal coherence in the data. In the future work,
we will try to exploit DOF redundancy to improve compression performance. However,
the segments in different DOFs in this method do not align along the boundaries, so it
will be necessary to apply dimensionality reduction before applying our technique to
the resulting coefficients.
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Abstract. This paper presents a new image-space algorithm for real-time
collision detection, where the GPU computes the potentially colliding sets,
and the CPU performs the standard triangle/triangle intersection test.
The major strengths of the proposed algorithm can be listed as follows:
it can handle dynamic models including deforming and fracturing objects,
it can take both closed and open objects, it does not require any prepro-
cessing but is quite efficient, and its accuracy is proportional to the visual
sensitivity or can be controlled on demand. The proposed algorithm would
fit well to real-time applications such as 3D games.

1 Introduction

Collision detection is a fundamental problem in many applications such as 3D
games, virtual reality, medical simulation, physically-based simulation, and
robotics. A lot of algorithms for collision detection have been proposed. The
algorithms based on triangulated models can be classified into two broad cate-
gories. One is object-space approach and the other is image-space approach.

In the object-space approach, most of the proposed algorithms are acceler-
ated by utilizing spatial data structures which are often hierarchically organized
and are based on bounding volumes [II2]. A state-of-the-art algorithm in the
object-space approach is found in the work of Zhang and Kim [3]. The algo-
rithm performs AABB overlap test which is accelerated by GPU. The algorithm
runs quite fast enough to handle deformable objects with high accuracy. How-
ever, it is not suitable for fracturing objects. When the triangles in an AABB
fall apart due to fracture, the AABB stream often has to be restructured. Such
restructuring hampers real-time performance.

The image-space approach typically measures the volumetric ranges of ob-
jects along the viewing direction, and then compares the ranges to detect col-
lision. Since the seminal work of Shinya and Forgue [4], various algorithms for
image-space approach have been proposed, attempting to maximally utilize the
powerful rasterization capability of the GPUs. Recent efforts in the image-space
approach include the work of Heidelberger et al. [5] and Govindaraju et al. [6].
The approach of Heidelberger et al. can handle concave objects, but requires
a considerable amount of time for collision detection of objects with complex
geometry, due to the rendering and readback overhead. As an effort to alleviate
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the readback problem, Govindaraju et al. proposes CULLIDE algorithm, which
can reduce the readback overhead using occlusion query. However CULLIDE
algorithm requires an off-line setup stage, which defines the sub-objects used
for each occlusion query. In case of a fracturing model, the topology may vary
frame by frame. The time-consuming pre-processing has to be executed per each
frame.

This paper proposes a new algorithm for the image-space approach. Its key
components are implemented in shader programs. Like many of the image-space
collision detection algorithms, the proposed algorithm can handle deformable
models. The unique strength of the proposed algorithm is its versatility: it can
handle both closed and open objects, and more importantly it can take as input
various dynamic models including fracturing meshes. Moreover, our algorithm
overcomes not only the readback and rendering overhead but also the accuracy
problem of the ordinary image-space approach. The proposed algorithm does
not require any pre-processing, is simple to implement, and shows superior per-
formance. Such an algorithm is attractive for real-time applications such as 3D
games.

2 Overview of the Approach

This paper proposes to compute potentially colliding sets(PCSs) using GPU and
leave the primitive-level intersection test to CPU. This framework is similar to
the state-of-the-art work in the image-space approach, CULLIDE [@], and that
in the object-space approach, the work of Zhang and Kim [3]. Unlike CULLIDE,
however, the proposed algorithm computes the PCSs always at the primitive
level, and further it resolves the major drawbacks of CULLIDE discussed in
the previous section. Unlike the work of Zhang and Kim [3], the proposed algo-
rithm maintains the trade-off between accuracy and efficiency, and can handle
fracturing objects.

Fig. [ shows the flow chart of the proposed image-space collision detection
algorithm. Each object in the scene is associated with an axis-aligned bounding
box (AABB). If the AABBs of two objects O; and O intersect, the intersection
is passed to GPU as a region of interest (ROI). Fig. Rlillustrates three examples,
each with a pair of objects, their AABBs, and the ROI. No ROI is found in Fig.
2 (a) whereas ROIs are found and passed to GPU in Fig. 2H(b) and -(c). Given
an ROI, GPU computes PCSs. A PCS consists of two triangle sets, one from O
and the other from Os. No PCS is computed in Fig. @H(b) whereas two PCSs

[ AABB overlap test]—’l ROI |-~[ surface peeling ]

!
«—l PCS |._[ PCS computation ]
intersection test

CPU GPU

Fig. 1. System architecture
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Fig. 2. Object AABBs and ROIs. (a) no ROI, (b) ROI with no collision, (¢) ROI with
collision.

are computed in Fig. Bl(c). Given the PCSs in Fig. Bl(c¢), CPU performs the
traditional triangle intersection test to obtain the intersection points ¢; and cs.

3 Surface Peeling and PCS Computation

Given an ROI passed by CPU, GPU computes PCSs by rendering the ROI
surfaces into textures. Rendering is done in a layer-by-layer fashion, and we call
it surface peeling. (The idea of surface peeling is not new, and its root comes
from the area of transparent surface rendering [7]. It has been named depth
peeling. There have been lots of applications of depth peeling, and in fact the
work of Heidelberger et al. [5] described in Section [l adopted the depth peeling
algorithm. In this paper, we use the terminology ‘surface peeling’ instead of
‘depth peeling’ for stressing the differences between the two approaches, which
will be discussed later.)

As in many image-space collision detection algorithms, orthographic projec-
tion along a viewing direction is used for rendering. It can be described as casting
of parallel rays. Fig. [ illustrates the surface peeling process with the example
of Fig. 2H(c). Between the two objects, the one farther from the viewpoint is
first rendered. It is Oy in the example. The rendering result is stored in a 32-bit
floating-point texture, texture #1, as illustrated in Fig. Bl(a). In the texture,
the R channel stores the depth value of the rendered pixel, and the G channel
stores the triangle ID of the pixel, which is the ID of Oy’s triangle hit by the
ray. (Triangle identification will be discussed in Section [Hl).

In the next phase, a new shader program renders O; through the depth test
with the output of the previous stage (currently, stored in texture #1). The
shader program discards a pixel of O if it is not deeper than the corresponding
texel in texture #1. The result is stored in texture #2, as shown in Fig. BH(b),
where the depth values and triangle IDs are stored into color channels R and G.

ROI e—texture #l ROI texture #2

;icwir}g R G B A R G B A

rection ID F |F depth ID | F|F
depth:

orthographic O O1

projection

(2) (b)

Fig. 3. Surface peeling. (a) phase 1, (b) phase 2.



Image-Space Collision Detection Through Alternate Surface Peeling 69

Fig. 4. PCS computation

In order to compute PCSs, a simple test is invoked for the space between
texture #1 and texture #2 in Fig.[3l If the distance d between texel t; from
texture #1 and texel {5 from texture #2 is less than the threshold e, as shown
in Fig. [ the triangle IDs are retrieved from ¢; and to, and then passed to CPU
as PCSs. Finally, given the PCSs, CPU computes the intersection points, ¢; and
co in Fig. [

4 Alternate Surface Peeling

The ROI is composed of a pair of two objects, and in general PCS computation
requires the two objects to be alternately rendered. Let us discuss the alternate
rendering using the example in Fig. Oy is deeper than O, and therefore
O is rendered first to create texture #1, as shown in Fig. BH(a). O; is then
rendered to create texture #2, as shown in Fig. Bl(b). Surface peeling does not
stop here. The shader program again renders Oy through the depth test with
texture #2, i.e. the shader program discards a pixel of Oy if it is not deeper
than the corresponding texel of texture #2. The result is stored in texture
#3, shown in Fig Bl (c).

O1 e—=texture #1 RG O1 e==texture #1 RG
texture #2RG
0> i 7 [0
c2
N N
@ (b)
O1 e==texture #1 RG O1 e—=texture #1 RG
o texture #2RG o texture #2RG
ci 02 emmmtexture #3 RG i cipd 02 emmmtexture #3 RG
texture #1 BA
Cc2 c2
N N
(c) (d)

Fig. 5. Alternate surface peeling with three textures. (a) phase 1, (b) phase 2, (c) phase
3, (d) phase 4.
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Suppose that the current implementation uses a graphics chip with four render
target textures. (The state-of-the-art graphics hardware such as GeForce 8800
series supports eight render targets.) Among the four textures, three are used
for surface peeling, and the remaining one is for recording PCSs. For efficient
recording and readback of the PCSs, a hierarchical technique proposed by [§] is
employed.

Note that only color channels R and G have been used so far to store the
depth values and triangle IDs. Color channels B and A are empty. It is time
to render O through the depth test with texture #3. The rendering result is
recorded at color channels B and A of texture #1, as shown in Fig. Bl(d). No
more surface remains in the ROI, and the alternate rendering stops. (Occlusion
query is used to decide when to stop rendering.) If we had more surfaces to
render, B and A channels of texture #2 and then texture #3 would be used.

For a complex configuration of objects, however, more than six times of surface
peeling may be needed. Then, the texture storing the PCSs is read back to CPU,
and the second stage of the surface peeling is started, where the 6th surface
peeled in the first stage is used for depth test.

Note that, as shown in Fig. [B(d), not all surfaces in the ROT are rendered. In
contrast, the Heidelberger’s algorithm based on depth peeling [5] renders all sur-
faces in the ROI, and all of the rendered surfaces are read back to CPU, which
causes a serious overhead. Recall that our algorithm computes PCSs from the ren-
dered surfaces, and passes the PCSs to CPU, not the rendered surfaces themselves.
Given objects with complex geometry, the alternate surface peeling algorithm pro-
posed in this paper is superior in performance to the Heidelberger’s algorithm.

PCSs are created between two adjacent textures. For example, in Fig. BH(b),
two PCSs are obtained between texture #1 and texture #2, and eventually
lead to the intersection points ¢; and co. Similarly, intersection point c3 in Fig.
BH(c) is computed by CPU from the PCS obtained between texture #2 and
texture #3.Finally, ¢4 in Fig.[BH(d) is computed from the PCS between texture
#3 and texture #1.

5 Triangle Identification for PCS Computation

A well-known problem of image-space collision detection is that its effectiveness
is limited by the image-space resolution and the image-space approach often
misses overlapping primitives. See Fig. [0l where two objects, O and Os, collide.
O; includes the triangles (polygons) pi1, p2 and ps, and Oy includes py and ps.
Along the upper ray, 1 is first recorded into the texture, but no pairing is possible
because the intersection between the ray and p; lies in front of ¢;. Therefore,
no PCS is obtained. In contrast, the mid ray detects <to,t4> and identifies the
PCS, {(p2),(p5)}. In actuality, p2 and ps do not intersect, and CPU computes
no intersection point. The lower ray detects <ts,t5> and identifies the PCS,
{(p3),(ps5)}. Then, the CPU will compute the intersection point c¢z. Note that the
other intersection point ¢; is not found. Unless the image-space resolution reaches
the infinity, overlapping primitives can be missed in the proposed algorithm.
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Fig. 6. Sampling error alleviation

Fig. 7. Triangle ID: The center vertex v is assigned a gray color. In each triangle,
vertex ordering is denoted by numbers. All of the three gray-colored triangles have v
as the last vertex.

In order to alleviate (not solve) the inaccuracy problem, the proposed algo-
rithm adopts a trick based on flat shading, where a triangle’s color is set to the
color of its last vertex. (It is OpenGL convention. In DirectX, the color of the
first vertex determines the triangle color.) In the proposed scheme, a distinct
color c¢ is associated with each vertex v. Therefore, every flat-shaded triangle
whose last vertex is v is colored in ¢, as illustrated in Fig. [l For each pixel
stored in the texture during the surface peeling process, its color is taken as the
triangle ID. Note that the triangle ID is not unique, i.e. multiple triangles may
have an ID. For example, the three gray-colored triangles in Fig. [1l will be given
an identical ID.

Such non-unique IDs alleviate the problem caused by an insufficient image-
space resolution. Let us revisit the mid ray in Fig. [ and suppose p4 and ps of O
have an identical ID. Then, the PCS will be {(p2),(pa.,ps)}, not just {(p2),(ps)},
and the intersection point ¢; can be obtained.

Fig. { illustrates the ratio, which is named miss ratio, of the missing to all
intersection points. The miss ratios depend on viewing directions. In Fig. B a
pair of 6 (longitude) and ¢ (latitude) defined in a spherical coordinate system
represents a viewing direction, where 6 is sampled at intervals of 30° and ¢ is
at 10°. Given the configuration of bunny and dragon in Fig. B(a), Fig. B-(b)
shows the miss ratios when the ROI is assigned a 256 x256-sized texture. The
algorithm adopts the non-unique ID scheme. The average miss ratio is 5.02%
while the largest miss ratio is 12.7% and the smallest is 0.65%.

Fig. B (c) shows the miss ratios when the algorithm adopts the unique ID
scheme, i.e. a triangle is given a unique ID. The miss ratios become high. The
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Fig. 8. Miss ratios: dragon (2.9K triangles) and bunny (2.7K triangles)

average miss ratio is 22.61% while the largest miss ratio is 29.31% and the
smallest is 14.98%.

Fig.[BH(d) shows the result of using a 128 x 128-sized texture, where non-unique
ID scheme is used. The average miss ratio is 12.32% while the largest miss ratio
is 20.52% and the smallest is 5.86%. Compare the miss ratios of Fig. B(b) and
Fig.BH(d): 5.02% and 12.32%. Obviously, the miss ratio increases when a smaller
texture is assigned to an ROI.

Recall that a smaller texture is assigned to an ROI when there are many ROIs
in the scene. In such a scene of crowded colliding objects, each ROI generally
takes just a small fraction in the screen. Therefore, inaccuracy in collision detec-
tion and consequent collision response would not be easily perceived. In contrast,
suppose that the scene consists of the two objects in Fig. Bl(a). Then, the en-
tire 512x512-sized texture is assigned to the ROI, and the miss ratio drops
significantly, leading to realistic collision response. In summary, the precision
of the collision detection is roughly proportional to the user’s visual sensitivity.
This feature makes the proposed algorithm distinguished from other image-space
algorithms.

6 Implementation and Test

The proposed algorithm has been implemented in C++, OpenGL and Cg on a
PC with 2.4 GHz Intel Core2 Duo CPU, 2GB memory, and NVIDIA GeForce
7900GTX GPU with 512 video memory and PCI-Express interface. Various func-
tionalities of the graphics hardware are exploited, e.g. the GL NV occlusion query
for surface peeling, EXT framebuffer object for off-screen rendering, etc.

As discussed earlier, the proposed algorithm can handle a variety of dynamic
objects. Fig.[@shows a scene where a deforming object, lizard, walks through the
balls on the billiard table. (See the attached video.) Table [Il shows the perfor-
mance statistics for 4 configurations in Fig. [0l Each configuration has a distinct
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Fig. 9. Test #1: deforming lizard (2.1K triangles) and 40 billiard balls (each of 4.5K
triangles)

Table 1. Performance evaluation for lizard and billiard table simulation (times in ms)

nCTP AABB GPU readback CPU total
(a) 15 0.07 3.11 0.11 0.07 3.36
(b) 33 0.07 3.08 0.13 0.14 3.42
(¢) 96 0.07 328 0.15 0.44 3.94
(d) 173 0.07 3.02 0.36 0.68 4.13

(b)

© Y ) )

Fig. 10. Test #2: Fracturing cloth (1.6K triangles) and 40 falling objects (each of 2.1K
triangles)

number of colliding triangle pairs (nCTP). AABB construction requires negligi-
ble amount of time. GPU time is spent for surface peeling and PCS computation.
Note that the GPU times remain almost constant for varying nCTPs. In con-
trast, the readback time is proportional to the PCS size. So is the CPU time
spent for triangle/triangle intersection test.

Fig. shows simulation of a deforming and fracturing object, cloth, which
is being torn by the falling sharp rigid objects. (See the attached video.) When
the cloth is torn, its mesh connectivity changes. Furthermore, new triangles are
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Table 2. Performance evaluation for cloth simulation (time in ms)

nCTP AABB GPU readback CPU total
16 0.03  2.66 0.12 0.10 2.91
115 0.03 3.05 0.68 0.66 4.42
96 0.03 4.26 0.39 0.48 5.16
39 0.03  2.39 0.14 0.36 2.93
125 0.03 3.22 0.73 0.67 4.65
222 0.03 2.38 0.84 0.95 4.20
339 0.03 3.15 0.92 1.66 5.75
262  0.03 2.90 0.71 1.17 4.81

e e e N e o e
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dynamically added in the areas being split, to achieve more natural simulation.
The collision detection algorithm proposed in this paper does not require any
extra time for handling such a dynamic and fracturing object. In contrast, han-
dling this kind of simulation would be difficult in the state-of-the-art collision
detection algorithms such as those of Govindaraju et al. [6] (CULLIDE) and
Zhang and Kim [3]: CULLIDE requires each sub-object to be a single triangle,
which would lead to a huge number of occlusion queries, and the algorithm by
Zhang and Kim requires an AABB to contain a single triangle, which would lead
to a serious readback overhead.

Table 2l shows the performance statistics for 8 configurations in Fig. Cloth
simulation itself takes about 2 ms for all configurations. Collision detection
among the falling rigid objects is done using RAPID 2.0 [9] which is better
for rigid body collision detection.

7 Conclusion

This paper presented an efficient image-space algorithm for real-time collision
detection. In the current implementation, shader programs compute the PCSs,
and CPU performs the primitive-level intersection test. The algorithm can han-
dle a variety of dynamic objects including fracturing meshes, and does rarely
suffer from the readback problem. The experimental results show the feasibil-
ity of the shader-based collision detection and its performance gain in real-time
applications such as 3D games.

The proposed algorithm also has disadvantages. It works in a synchronous
mode between CPU and GPU, i.e. CPU waits until GPU computes the PCSs.
The proposed algorithm cannot handle self-collision. The proposed algorithms
are being extended for overcoming these disadvantages.
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Abstract. The ability to recognize the strokes drawn by the user, is
central to most sketch-based interfaces. However, very few solutions that
rely on recognition are robust enough to make sketching a definitive al-
ternative to traditional WIMP user interfaces. In this paper, we propose
an approach based on classification that given an unconstrained sketch,
can robustly assign a label to each stroke that comprises the sketch. A
key contribution of our approach is a technique for grouping strokes that
eliminates outliers and enhances the robustness of the classification. We
also propose a set of features that capture important attributes of the
shape and mutual relationship of strokes. These features are statistically
well-behaved and enable robust classification with Support Vector Ma-
chines (SVM). We conclude by presenting a concrete implementation of
these techniques in an interface for driving facial expressions.

1 Introduction

In recent years there has been a proliferation of sketch-based solutions designed
for a variety of different applications. Some approaches rely on a procedural map-
ping between two-dimensional strokes and possibly higher-dimensional geome-
tries [I] or models [2]. The problem is generally well-defined and well-constrained
in these cases. As a result, these solutions tend to be very usable and effective,
although they may be limited to a specific domain. Other approaches rely on
the detection of a well-defined dictionary of symbols. In this context, there is a
large literature on interfaces based on handwriting recognition and the recogni-
tion of other symbols that belong to the vernacular of a particular application.
Alternatively, some solutions define a new set of symbols that is easy to learn
and can be employed to simplify certain interactive tasks. Motion Doodles [3]
is an example of the latter, which enables users to define character animation
through a fluid set of cursive motions.

The most challenging task is that of recognition-based sketching. A general
approach for recognition-based solutions , such as [], is to analyze the sketch
by identifying and recognizing components that capture the semantics of the
sketch. We call these components simply as strokes.

In this paper, we explore the problem of recognizing strokes robustly with
particular emphasis on the problem of classification. We use a support vector
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machine that is trained on quantifiable aspects of the sketch to perform the
classification. We then use stroke grouping to augment the capability of the
classifier to work with complex sketches in the presence of outliers.

The contributions of this work can be summarized as follows:

— We propose a machine learning approach to classify the elements of uncon-
strained input sketches based on support vector machines

— We propose a set of attributes that capture both individual shape features
and spatial relationships of groups of strokes.

— We propose a grouping technique that makes our approach robust to outliers.

2 Related Work

There is a large body of work concerned with the related problem of handwriting
recognition. [5] presents an approach for recognizing and grouping handwritten
text. This work groups strokes by minimizing a cost function efficiently using a
dynamic programming algorithm. This paper is similar in spirit to our approach,
but is tailored around the problem of symbol recognition, while our approach
strives to be more general. [0] is related to [B] and uses stroke groupings to aid in
the recognition of numeral strings. Their work selects the best grouping based on
a grouping-hypothesis and their focus is restricted to the recognition of numeral
strings. This paper also puts particular emphasis on segmentation which is ab-
sent both in [5] and our paper. The work by Saunds on perceptual organizations
[7U8] is one of the main sources of inspiration for our approach based on group-
ings. These papers show how to organize strokes into groups that are perceptu-
ally sound. Sharon in the paper [4] presents an approach for sketch-recognition
based on a computer vision technique referred to as constellation model, which
is related to our work. The classic work by Arnheim [J] presents an enlightening
study of visual perception in the context of art and psychology. This work is the
basis and main inspiration for the shape attributes that we use to train the SVM.
We briefly mention a few additional papers that present interesting ideas that
are related to our work. The paper [2] describes a similar application for posing
3D faces via sketches, but it does not rely on sketch recognition. The work by
Yang [T0] presents an approach for the analysis of sketches based on their connec-
tivity. Some of the ideas introduced by this paper, such as the use of templates
and the parametrization, resemble some aspects of our application described in
section

3 Overview

As the user draws a sketch interactively, we record every continuous motion of
the mouse or stylus as a separate stroke. In order to recognize the sketch, a
classifier assigns a label to each stroke that comprises the sketch based on the
content of a user-generated training set. The training set is based on a compact
and statistically well-behaved set of shape descriptors, called shape attributes,
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that are discussed in section [l We augment the capabilities and robustness of
the classifier by grouping strokes [7I8]. What is novel in our approach is that
our mechanism for selecting the groupings is largely data driven. As a result we
do not simply rely on spacial groupings [5] or groupings based on the geometry
of strokes [BlR], but we also enable groupings based on the semantics of the
sketch that can be inferred from the training set. In the following sections, we
describe our classification mechanism and then show how it can be associated
with groupings to robustly handle complex sketches containing outliers. Our
discussion is followed by a detailed description of shape attributes, which lie at
the heart of the classification. A detailed understanding of shape attributes is
not required to understand the following sections, but the interested reader may
want to skip ahead to section [[ before reading sections F] and

4 Classification

Our approach for classification relies on a support vector machine (SVM). The
robustness of SVM depends primarily on the amount and choice of training data
as well as the choice of a kernel. If the training data makes the structure of
the data obvious, we can expect machine learning to perform robustly even for
a fairly small training set. Otherwise, even a large training set may perform
poorly. For the specific problem of classification the quality of a training set
can be evaluated quantitatively by studying the variance of the data. Items that
belong to the same class should exhibit relatively low variance, while items that
belong to different classes should be well-separated and therefore exhibit large
variance. A classifier trained on a training set that possesses these properties
is expected to perform robustly. We represent shape through a set of features
that we call shape attributes. In this paper, we use the term shape attribute
interchangeably to express both the features of strokes and the functions used
to quantify these features.

We use the following formalism to clarify our approach. When the user draws
a stroke, we store it in memory as a vector of points s;. When the drawing
is complete the entire sketch is merely a set of strokes S = {s1,89,...,8,}. A
shape attribute is a function A(s;) that analyzes the stroke s, and produces a
real number ¢ € R. During training the user also needs to manually associate
a label [; to each stroke s; in the sketch. We construct a training vector ¢; by
combing the label [; with a selection of shape attributes. Hence, a training vector
t; has the form

t; = [li7 Al(si)v AQ(si)v sy Am(si)}

A training example T for the SVM corresponding to the sketch S is therefore
represented by the set of training vectors T' = {t1,ta,...,t,}. During perfor-
mance, the user draws a new sketch S" = {s/, s5,..., s, }. For each stroke s/ we
construct a query vector

qi = [Al(sg)a AQ(Sg)a SER) Am(‘sg)]
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The query vector g; is then used to query the classifier C' and obtain a class
label I} for each corresponding input stroke

lé = C(Qi)

We initially developed 12 shape attributes that capture the notions described
in [9). However, for the classifier we restricted the number of shape attributes to
a stable subset that results in robust classifications. To find this stable subset,
we generated many alternative training sets using different selections of shape
attributes and we studied their variance. We chose a selection of shape attributes
that exhibits small variance for strokes that belong to the same class and large
variance for strokes that belong to distinct classes. We repeated this process for
various categories of sketches corresponding to faces, houses, and cars to make
sure that our selection is independent of the content of the sketch. Table[Il shows
the stable selection of shape attributes that we chose for the classification. Sur-
prisingly all these shape attributes correspond to high level features of strokes.
This finding agrees with our intuition. In fact, a few generic strokes are generally
sufficient for a human to recognize the content of a sketch and a robust classifier
is expected to do the same.

Bounding Box Width
Bounding Box Height
Bounding Box Aspect Ratio
Centroid X
Centroid Y
Horizontal Ordering
Vertical Ordering
Overall Stroke Count
Depth

Fig. 1. The stable selection of shapes attributes used for the classification

We verified the robustness of the classification based on this selection of
shape attributes by training the SVM and running cross-correlation tests. Subse-
quently, we tested the classification manually by drawing many sample sketches
and observing classification results. The average accuracy of our classifier with
different training sets is about 93%. Our sample sketches did not contain either
outliers or duplicate strokes - that is multiple strokes of the same class. We refer
to sketches that satisfy these two properties as clean sketches.

Our experiments show that in general a fairly small training set that contains
approximately ten training vectors per class is sufficient to obtain a robust clas-
sification of clean sketches using our method. The actual size of the training set
that is needed to achieve a robust classification is correlated to the variance of
training vectors. If the training vectors of two distinct classes exhibit a small
variance, we need more examples for those two classes.



80 G. Nataneli and P. Faloutsos

A SVM is sensitive to the scaling of data, so we always have to normalize
shape attributes before using them in the training. However, we observed a
20% improvement in the classification by exploiting a non-uniform scaling of the
data. Specifically, the ordering attributes, the overall stroke count, and the depth
attribute are left unchanged as integer values. This improvement follows from
the fact that the different scaling makes the SVM weigh these shape attributes
differently. This choice also impacts how the choice of kernel for the SVM affects
the performance of the classifier.

Support Vector Machines rely on a choice of kernel for their operation. The
only two kernels that provide acceptable performance for our task are linear
and polynomial. A linear kernel works best when we want to classify sketches
containing a single stroke or sketches in which the relationship of strokes is not
relevant. In these cases, the SVM prioritizes the shape attributes that are prop-
erly scaled, which for us are the ones that relate to individual features of a stroke.
On the other hand, A polynomial kernel is less influenced by the non-linearity of
the training set, so it is the best choice in all common sketch recognition tasks.
This property of our classifier offers an advantage over solutions that rely solely
on the relation of strokes [].

5 Grouping

In the previous section we highlighted the fact that our core classification mech-
anism is only expected to work robustly for clean sketches. Again, a clean sketch
is one that satisfies the following two properties:

1. It does not contain outliers.
2. No two strokes belong to the same class (duplicate strokes).

We know that a clean sketch is classified successfully only if each query vec-
tor is assigned a distinct label. Therefore, if we find a duplicate label in the
classification results, we are certain that a misclassification has occurred. This
is a central property for searching the space of possible groupings as explained
later. Furthermore, we also expect more reliable classifications for clean sketches.
Clean sketches do not contain outliers, which are one of the major sources of
errors in classification. An outlier is a stroke whose correct label is not present in
the training set. Hence, outliers always lead to misclassifications, since the clas-
sifier is always expected to output a label for any given query vector. The reason
why the second property of clean sketches is important is more subtle. Duplicate
strokes are strokes whose corresponding query vectors exhibit low variance and
thus are assigned the same label by the SVM during performance. Therefore,
duplicate strokes are intrinsically ambiguous and they are generally not well-
behaved statistically. Moreover, if we allowed duplicate strokes, we would not
have any automated way for distinguishing a duplicate stroke from a misclassi-
fied one. In summary, clean sketches give us a better way to attest the robustness
of the classifier.
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Sketches of practical interest, however, do not satisfy the properties of clean
sketches in most cases. Therefore we use groupings to accommodate more com-
plex sketches within the existing framework for classification. Given a Sketch
S ={s1,82,...,8n} a grouping G = {g1, g2, ..., gn} is a set of groups g; where

1. g,CS
2. gsNgj =0 withi#j

Our objective is to find a proper grouping G of sketch S that is guaranteed to
be clean. Any sketch that is not clean can be reduced to a clean sketch by some
grouping as follows:

— Group duplicate strokes with the same label into the same group
— Group every outlier with some other stroke

Groupings, however, present an additional challenge as well. After we group
several strokes, we need to define the meaning of applying a shape attribute
to the group - that is we have to define the meaning of A(g;). We do this by
replacing the group ¢; with a new stroke that characterizes the basic features of
the group. This is explained more in detail later in this section.

The space of possible groupings is a power set over the number of strokes
given as input and it is clearly intractably large to be searched exhaustively. In
order to make the problem tractable, we need to prune the space. We consider
three different kinds of groupings to accomplish this task: structural grouping,
overlap grouping, and semantic grouping. Each kind of grouping corresponds to
a specific level of abstraction of the properties of the sketch.

Structural Grouping. At the lower level we have structural groupings. A struc-
tural grouping is based on purely geometric notions of proximity and continuity.
Prozimity refers to strokes that are aligned (vertically or horizontally) and are
near each other. In terms of shape attributes, a proximity grouping selects strokes
that have the same ordering (refer to Section [7]) and whose distance between the
centroids is below a threshold. Figure 2h is an example of proximity group. We
characterize the proximity group with a new stroke that connects the centroids
of each stroke that participates in the group.

Continuity refers to strokes whose endpoints are near each other. Unlike [7] we
are not considering the orientation of the strokes in order to establish continuity,
since the purpose of groupings in our case is slightly different. Figure 2b is an
example of continuity group.

A structural grouping corresponds to a perceptual organization as described
in [7] and [8]. A structural grouping is also the simplest kind of grouping and does
not depend on the training set. The strokes that are candidates for a structural
grouping are generally very common and very numerous in a typical sketch, so
we do not want to perform expensive calls to the SVM in order to establish these
groups. At the same time, even though structural groupings are not tailored to
the training set -that is the particular domain of the recognition task - this fact
does not affect the ability of higher level groupings, such as overlap groupings and
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semantic groupings, to analyze the semantics of the sketch successfully. Lastly,
structural groupings are very effective at pruning the space of possible groupings
and removing common outliers.

Overlap Grouping. At an intermediate level of abstraction there are group-
ings based on overlap. Stroke s; overlaps stroke s; if Agepin (i) > Adepen(s;) and
|lcentroid(s;) — centroid(s;)|| < «, where Agepp, is the depth shape attribute,
centroid is a function that returns the position of the centroid for the given
stroke, and « is a threshold. In this example, strokes s; and s; form an over-
lap group candidate (OGC) goe = {s;,s;}. We determine all OGCs efficiently
by building an adjacency matrix of all strokes, while computing the shape at-
tributes. The depth of an OGC g,. is

depth(goc) = mam(‘Adepth(si) - Adepth (8])|)

where s;,5; € goc. Figure [Ze is an example of overlap group. The body of the
house, the window, and the window grille form an OGC. The body has depth 0,
the window has depth 1, and the window grille has depth 2. Hence, the depth
of the OGC is 2.

We first reduce the number of strokes in each OGC by grouping the strokes
in each OGC so that their depth falls below a given threshold 8. The value of
6 depends on the amount of detail that we want to preserve. In Figure 2 if we
set (3 to 2, we will discard the window grille. For each OGC we run an algorithm
that can be summarized as follows:

1. Consider the power set of all OGCs. This will generate many subsets of
OGCs of the form {gl.,...,g%.}.

2. For each subset of OGCs group the strokes in each OGC. This will partition
the original set of strokes S into a grouping of the form G = {g1, ..., g&, Sj,
..., 8n} where each g is a group of strokes that is replaced with a stroke that
represents the bounding box of the group and s; (groups of cardinality 1)
are strokes that are not grouped.

3. Classify the grouping G with SVM and obtain a set of labels L = {l1,...,1,}.
If L contains any duplicate, then the grouping G does not represent a clean
sketch, so we reject this grouping. Otherwise, if L does not contain duplicates
we accept the grouping G.

4. Rank all accepted groupings based on the heuristic described in section

Repeat the steps for each subset generated in step 1.

6. Choose the grouping with the best rank.

o

Although the number of OGCs is generally fairly small, the number of subsets
generated in step 1 may still be prohibitively large. However, performance is
still acceptable since most subsets are either rejected or they get low rankings.
In our experiments we only considered subsets of cardinality 2 or 3 without
compromising the capability of our algorithm.
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Semantic Grouping. In some cases, there are no strokes that overlap or there
is not any subset of OGCs that results in a clean sketch. Semantic groupings
consider groups that cannot be captured by either structural groupings or over-
lap groupings. Therefore, semantic groupings deal with groups of strokes that
are generally not correlated by geometrical features, but are correlated by the
semantics of the drawing that can be inferred from the training set.

We proceed similarly to overlap groups, but we replace step 1 with the power
set over the strokes that are left ungrouped after performing structural grouping
and overlap grouping. We refer to these as candidate strokes. Unfortunately there
is no obvious way to prune the power set of candidate strokes, so we adopt a
heuristic that was fairly effective in our experiments. We first run the classifier on
all candidate strokes; the classification results are expected to contain duplicates
at this stage. We then consider each group of duplicate as a candidate and run
the same algorithm over the power set of these groups. The rationale is that
duplicate strokes are likely to be related semantically.

Our approach for grouping gives us robustness against outliers. Outliers would
always result in incorrect classifications if they are individually fed to the classi-
fier. More precisely, outliers are very likely to generate classifications that contain
duplicates by the pigeon hole principle. As a result, our approach for grouping
forces outliers to be grouped with other strokes so that they will not reach the
classifier in isolation. Moreover, our approach can cope with outliers gracefully,
as we can improve the robustness by expanding the training set.

(N
~-" B

(@) (b) (9

Fig. 2. Examples of different kinds of groups. (a) Proximity group. (b) Continuity
Group. (c¢) Overlap group.

6 Ranking

Our approach for overlap and semantic groupings is effectively an optimization
that searches for the grouping with a best rank. In turn, the ranking scheme is
based on the results of the classifier. In general, we only want to rank classifica-
tions that do not contain duplicates - that is classifications that are known to
correspond to clean sketches. We do this, because, we can only expect the clas-
sifier to perform robustly for clean sketches. We want to rank higher groupings
that result in the largest number of distinct classification labels. This is because,
we would like to exploit the variety of the training set as much as possible and
we also want to avoid to group strokes that belong to distinct classes. Hence,
we compute the rank by simply adding the number of distinct labels produced
by the classification. In some cases, for semantic groupings we cannot simply re-
ject groupings that contain duplicates; therefore, we actively penalize duplicates
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by subtracting the number of groups containing duplicates from the number of
distinct labels.

7 Shape Attributes

In this section, we describe shape attributes in detail. Shape attributes provide
an effective representation of strokes that acts as a useful abstraction for ana-
lyzing hand-drawn sketches. We originally developed 12 shape attributes for the
application described in section[@ Here we only describe the subset of shape at-
tributes that we use in the classification. For a complete list of shape attributes

refer to [I1].

Bounding Box. The bounding box captures the proportions of the drawing
and is used to inform the classifier about the relative size of objects. We always
normalize the actual size of the bounding box for each stroke with respect to the
bounding box enclosing the whole sketch. This way proportions remain consistent
even if sketches are drawn at different scales.

Centroid. The centroid is computed in the usual manner by averaging the x
and y components of the points comprising the stroke. The centroid effectively
captures the region of a stroke that carries the largest perceptual weight [9] and
is used to inform the classifier about the relative position of strokes in the sketch.
The centroid is also used to compute several other shape attributes described in

1.

Horizontal and Vertical Ordering. Horizontal and vertical ordering are very
effective attributes that allow us to quantify the relation in the position of strokes
without having to know the class of neighboring attributes in advance. Figure [3]
shows a sample face with values of horizontal ordering for every stroke.

Fig. 3. Horizontal ordering. The image on the left shows a typical example in which the
value of horizontal ordering is well defined. The image on the right shows an ambigous
case in which the horizontal ordering for the mouth is not well defined.

Given an input sketch S = {s1,82,...,8,}, let ho : S — N be a function
that maps a stroke to its value of horizontal ordering. The horizontal ordering
is determined by applying the following rules in succession.

— Given strokes X and Y, ho(X) = ho(Y) if the projection of their bounding
boxes on the x axis overlaps
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— If X and Y are not overlapping and the centroid of X > Y, then ho(X) >
ho(Y)

It is not always possible to assign values of horizontal ordering and simultane-
ously satisfy both rules. Figure 3 shows one example of an ambiguous situation.
If a stroke generates an ambiguity it means that the value of horizontal ordering
is not relevant for that particular stroke and we can assign to it some arbitrary
value. Referring again to Figure B we observe in fact that the value of horizontal
ordering is essential to distinguish the left eye from the right eye, but it doesn’t
have any meaning for the mouth. On the other hand, the vertical ordering is
very useful to distinguish the eyes from the mouth. We say that strokes s; and
s; x-overlap iff the projection on the x axis of their bounding box overlaps and
width(s1) < width(ss). The algorithm for computing the horizontal ordering
follows:

1. Scan strokes from the ones with smaller width to the ones with larger width
and group them based on their x-overlap. A group is a vector of the form

g =[s1,82,...,8n] where s; is a stroke in the sketch
2. Compute the average x position for each group and arrange the values in a
vector.

a = [avgm(gﬁ, avgz(g2), - -, avgw(gn)]

3. Sort the vector a.

4. Assign a value of horizontal ordering to each g; based on its sorted order in
the vector.

5. Assign the value of horizontal ordering for group g; to every stroke s; € g;.

Depth. The depth attribute informs the classifier about the overlap of strokes.
We say that stroke s; overlaps s; if the bounding box of s; is fully contained
in the bounding box of s;. Note that this definition of overlap is different from
the one given in section Bl Given a set of strokes S = {s1, s2,..., S5}, the depth
satisfies the following rules:

— If s; does not overlap with any stroke in the set S\ {s;} then its depth is
zero
— If s; overlaps with s; € S'\ {s;} then depth(s;) < depth(s;)

The depth is computed as follows:

1. group all strokes that overlap in the same set.

2. Sort the items in the set based on the area of their bounding boxes.

3. Assign values of depth to each stroke in sorted order. From the way we
defined overlap we are guaranteed that small strokes have a value of depth
that is higher than the strokes that enclose them.

In practice we relax in our implementation the definition of overlap to detect
overlap even if two strokes are partially overlapping.
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8 Discussion and Results

Our classifier is based on a support vector machine and it is trained by the user.
We are not making strong assumptions on the content of the sketches; there-
fore our classifier is expected to be flexible and work effectively for a variety of
sketch-based applications. The main restriction on the capabilities of the classi-
fier is determined by representation of sketches we construct by means of shape
attributes. Specifically our method is designed to work best with diagrams or
graphic drawings, such as the ones discussed in section [dl We assess the quality
of the classifier on a set of controlled sketches we call clean sketches. We then
extend the classifier to accomodate more complex sketches by using the concept
of groupings. Our approach for grouping relies for the most part on the train-
ing set and it is therefore very adaptable. One of the most attractive aspects of
grouping is that it gives us robustness against outliers.

All the concepts described in this paper are implemented in a framework
called Sketch Analyzer. Several examples of our work and of Sketch Analyzer
are shown in the video accompanying this paper. We tested our approach with
sketches representing a house and a human face. We ran our experiments on a
2.13 Ghz Pentium 4 machine and the classifications took no more than 3 seconds
to complete. Figure [ show several sketches that were classified successfully. All
the examples contain many outlier strokes that are not part of the training set,
such as the window grille for the house. The example on the right contains two
semantic groups that belong to the same class — the windows.

Fig. 4. Several sketches that are successfully handled by our technique using respec-
tively a training set for the components of a face and a house. All examples contain
several outlier strokes and are designed to put groupings to the test. The windows of
the house on the right are an example of semantic grouping.

9 Application: Driving Facial Expressions

We used the concepts described in this paper to implement a sketch-based inter-
face for driving facial expressions. The interface is described in detail in [I1] and
several examples are shown in the accompanying video. The classifier described
in this paper along with grouping is used to recognize the components of the
sketch and establish a correspondence with the face model. Each component of
the face is then matched with a library of templates to establish the primary
features of the facial expression. Lastly, the result is refined by varying the in-
tensity of the various aspects of the facial expression through a parameterization
of strokes.
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10 Conclusion

We presented an approach for the classification of strokes that is based on SVM
and grouping. Our work can handle fairly complex sketches and strives for ro-
bustness in the presence of outliers. Shape attributes are one of the key com-
ponents of our approach and are designed to produce a well-behaved statistical
characterization of strokes for generic drawings. Our results show that the clas-
sifier can generate robust classifications even with relatively small training sets.
Two areas that need improvement and are interesting avenues for future research
are the heuristics we use for ranking classification results and pruning the space
of groupings, especially for semantic groupings. This work was partially sup-
ported by NSF grant No. CCF-0429983. We would also like to thank eFrontier
for their generous donations of software licences.
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Abstract. A new method for constructing a smooth surface that in-
terpolates the vertices of an arbitrary mesh is presented. The mesh can
be open or closed. Normals specified at vertices of the mesh can also be
interpolated. The interpolating surface is obtained by locally adjusting
the limit surface of the given mesh (viewed as the control mesh of a
Catmull-Clark subdivision surface) so that the modified surface would
interpolate all the vertices of the given mesh. The local adjustment pro-
cess is achieved through locally blending the limit surface with a surface
defined by non-uniform transformations of the limit surface. This local
blending process can also be used to smooth out the shape of the inter-
polating surface. Hence, a surface fairing process is not needed in the
new method. Because the interpolation process does not require solving
a system of linear equations, the method can handle meshes with large
number of vertices. Test results show that the new method leads to good
interpolation results even for complicated data sets. The new method
is demonstrated with the Catmull-Clark subdivision scheme. But with
some minor modification, one should be albe to apply this method to
other parametrizable subdivision schemes as well.

1 Introduction

Constructing a smooth surface to interpolate the vertices of a given mesh is an
important task in many areas, including geometric modeling, computer graphics,
computer animation, interactive design, scientific visualization etc. The interpo-
lating surface sometime is also required to interpolate normal vectors specified
for some or all of the mesh vertices. Developing a general solution for this task is
difficult because the required interpolating surface could be of arbitrary topology
and with arbitrary genus.

Subdivision surfaces were introduced as an efficient technique to model com-
plex shapes [I]. But building a connection between a given mesh and an inter-
polating subdivision surface has never really been successful when the number
of vertices of the given mesh is large. One exception is a work published recently
[7]. In that paper, an iterative interpolation technique similar to the one used in
[5] for non-uniform B-spline surfaces is proposed for subdivision surfaces. Since

G. Bebis ot al. (Eds.): ISVC 2007, Part I, LNCS 4841, pp. 88[97] 2007.
© Springer-Verlag Berlin Heidelberg 2007
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(a) Given Mesh (b) Interpolation surface generated with
blending area automatically selected

(c) Interpolation surface generated with (d) Interpolation surface generated with
more user selected blending areas around more user selected blending areas around
the upper portion of the teapot body the lower portion of the teapot body

Fig. 1. Interpolation with local control

the iterative approach does not require solving a system of linear equations, it
can handle meshes with large number of vertices. But the paper fails to prove
the convergence of the iterative process.

In this paper a new method for constructing a smooth surface that interpo-
lates the vertices of a given mesh is presented. The mesh can be of arbitrary
topology and can be open or closed. Normal vectors specified at any vertices of
the mesh can also be interpolated. The basic idea is to view the given mesh as the
control mesh of a Catmull-Clark subdivision surface and locally adjust the limit
surface of the given mesh so that the resulting surface would not only interpolate
vertices of the given mesh, but also possess a satisfactory smooth shape. The
local adjustment process is achieved through blending the limit surface S with
a blending surface T'. By performing the blending process at different selected
areas, we are able to (1) ensure the modified surface would interpolate the given
mesh, (2) prevent it from generating unnecessary undulations, and (3) smooth
out the shape of the resulting surface.

The new method has two main advantages. First, since we do not have to
compute the interpolating surface’s control mesh, there is no need to solve a
system of linear equations. Therefore, the new method can handle meshes with
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large number of vertices, and is more robust and stable. Second, because the
local blending process can be used to smooth out the shape of the interpolating
surface, a surface fairing process is not needed in the new method.

An example of this interpolation process is shown in Fig. [l The surfaces

shown in Figures[T(b)] [[(c)]and [T(d)]all interpolate the mesh shown in Fig.
The blending areas in Fig. [L(b)| are automatically selected by our system while

Fig. and Fig. have user selected blending areas in the upper portion
and lower portion of the teapot body afterward. It is easy to see from Fig. [I] that
local control is necessary when better quality interpolating surfaces are needed.

2 Previous Work

There are two major ways to interpolate a given mesh with a subdivision surface:
interpolating subdivision [2HITOIT3] or global optimization [36/8]. In the first
case, a subdivision scheme that interpolates the control vertices, such as the
Butterfly scheme [2], Zorin et al’s improved version [I3] or Kobbelt’s scheme
[4], is used to generate the interpolating surface. New vertices are defined as
local affine combinations of nearby vertices. This approach is simple and easy to
implement. It can handle meshes with large number of vertices. However, since
no vertex is ever moved once it is computed, any distortion in the early stage of
the subdivision will persist. This makes interpolating subdivision very sensitive
to irregularity in the given mesh. In addition, it is difficult for this approach to
interpolate normals or derivatives.

The second approach, global optimization, needs to build a global linear system
with some constraints [9]. The solution to the system is a control mesh whose
limit surface interpolates the vertices of the given mesh. This approach usually
requires some fairness constraints in the interpolation process, such as the energy
functions presented in [3], to avoid undesired undulations. The problem with this
approach is that a global linear system needs to be built and solved. It is difficult
for this approach to handle meshes with large number of vertices.

There are also techniques that produce surfaces to interpolate given curves or
surfaces that near-interpolate given meshes. But those techniques are either of
different natures or of different concerns and, hence, will not be discussed here.

3 Locally Adjustable Interpolation

3.1 Basic Idea

Given a 3D mesh with n vertices: P = {P,Ps,--- ,P,}, the goal here is to
construct a new surface that interpolates P (the vertices of P, for now). Contrast
to existing interpolation methods, which either construct a new mesh whose limit
surface interpolates P or perform interpolating subdivision schemes on the input
mesh, we perform interpolation by manipulating the limit surface S of the given
mesh directly. The basic idea is to push or pull the limit surface of the given mesh
in vicinity of selected points so that the modified surface interpolates the given
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mesh and, in the meanwhile, prevent it from generating unnecessary undulations
and maintain its smoothness. The push or pull process is done by constructing
a new surface 7', and blending 7" with S. T must be relatively easy to construct
and interpolating P initially. For example, in Fig. T is composed of five
separate segments: To1, To2, Tos, To4a and Tys, and each of them interpolates a
point of P = {Py, Py, P3, Py, Ps}. T and S must be blended in a way such that
the resulting surface interpolates P and is C2-continuous almost everywhere.
The interpolating surface can be defined as follows:

S = S(u, V)W (u,v) + T(u,v)(1 — W(u,v)), (1)

where 0 < W (u,v) < 1is a C?-continuous weight function satisfying the prop-
erty: limg, o W(u,v) = 0. T must be parametrized so that 7'(0,0) = P;, (1 <
i < n) and is C%-continuous everywhere except at (0,0) (where it is at least
C'-continuous) and except at {(u,v) | W(u,v) = 1} (where it is not even nec-
essary to be C°-continuous). Therefore S is guaranteed to interpolate P and is
C?-continuous everywhere except at some extraordinary points.

Usually during the initial blending process, quality of the resulting interpo-
lating surface would not be good enough yet. For example, the blue curve in
Fig. denoted Si, is the resulting curve of the first blending process. As
we can see, S1 has a lot of undesired undulations although it interpolates the
given mesh P exactly. To improve the shape of the interpolating surface and to
reduce unnecessary oscillations, a second blending process can be performed in
the vicinity of some selected points. For example, in Fig. a second blending
process is performed in the vicinity of all the edge points of the given mesh. To
carry out the second blending process, a different blending surface 77 has to be
constructed. T7 does not have to interpolate P. However, T} must not change
the position of the images of P on the limit surface. In other words, the domain
involved in constructing 77 should be smaller than the domain of S7, so that the
images of P would not be involved in the construction process of T;. For example,
in Flg Tl = {Tlla T12, 11137 T147 T15} and the images of PiS are not involved
in the construction of T7. Once T} is constructed, 77 can be blended with Sy

(a) First blending (b) Second blending

Fig. 2. Basic idea of the new interpolation method
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similarly to get S as follows: Sy = S1(u, v)Wi(u,v) + T1(u,v)(1 — Wi (u,v)),
where Wi (u,v) is a blending function similar to W(u,v) in Eq. (), except
W1 (u,v) is constructed for vicinity of edge points, while W (u,v) is constructed
for vicinity of vertex points. Because the images of P are not involved in the con-
struction process of T7, the images of P are not affected by the above blending
process. Hence interpolation requirement still holds.

Note that the blending process is done for individual pieces. For example, in
Fig. it is done for the pieces corresponding to Ty, 1 < i < 5, independently.
Because T is not required to interpolate P, not every T3, 1 < ¢ < 5, has to
be blended with the corresponding piece of S;. A blending process is performed
for a selected region only if the shape of the surface is not good enough in that
area. Hence, the blending process for each region is an optional operation.

As we can tell from Fig. Bl the shape of S is much better than that of S;.
However, if necessary, a third or even more blending processes can be performed
on the resulting surface to further improve its quality. While the above idea seems
to be simple and straightforward, the key here is how to construct a T'(u,v) for
each local blending process and how to construct the corresponding blending
weight function W (u,v) such that the resulting interpolating surface is smooth
and oscillation-free. The construction process of T will be shown in the next
section. For consistency, we denote the (i + 1)st blending surface T by T}, and
use T as a general reference to all possible levels of T;.

3.2 Construction of T

Note that only Ty is required to interpolate P, not the subsequent T;, i > 1. Tj
can be constructed in several different ways. In this paper we construct Ty by lin-
early transforming pieces of S in 3D object space. Note that Ty is not necessary
to be C%-continuous at parameters where W (u,v) = 1. The affine transformation
matrix can be chosen in a way such that Tj interpolates P and, in the meanwhile,
changes the original limit surface as little as possible. For example, in Fig.
to get Ty for the limit surface S defined by P = {Py, P», P5, Py, Ps}, we simply
translate S segment by segment, in the direction from the image of P; to P;, and
then scale each segment with appropriate scaling factors for X, Y and Z compo-
nents such that Ty interpolates P and has an appropriate size. Consequently, as
it shows in Fig. T is represented by five segments: {To1, Toz2, Tos, Tos, Tos }
and they are not C’-continuous. But after a blending process using equation (),
we get a surface S7 which smoothly interpolates P.

3.3 Local Parameterization of Subdivision Surfaces

The blending process defined by eq. (D) is performed on regions of the limit
surface. Hence a local parameterization is needed for each region of the limit
surface where a blending process is to be performed. Many local parameterization
methods have been reported recently. In this paper we follow Reif’s approach
[11]. Reif’s approach maps an extraordinary point to (0,0) and is based on the
characteristic map of a subdivision scheme [I1]. A characteristic map is defined
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(a) Blending around an (b) Blending around an ar- (c) Handling open meshes
original vertex bitrary point

Fig. 3. Left & Center: Parameter space blending areas. Right: handling open meshes.

by calculating the limit of subdivision on a 2D mesh formed by the two sub-
dominant eigenvectors of the local subdivision matrix [IT]. The characteristic
map for Catmull-Clark subdivision scheme around an extraordinary vertex of
valence n is based on the topology of the 2-ring neighborhood of vertices around
the extraordinary vertex. Thus, the two sub-dominant eigenvectors have 6n + 1
entries each. Also as a normalization rule, the two sub-dominant eigenvectors
should be scaled such that the parameters (u,v) at the end-points of edges
emanating from the extraordinary vertex have coordinates (cos(i), sin(ix)), i =

1---n, where o = 27/n (see Fig. [3(a)).

3.4 Blending Around an Extraordinary Point

With parametrization available, it is now possible to perform blending process
on regions of the limit surface. To maximize the blending area around a vertex,
we define the blending region in the parameter space by the condition: u?+v? <
1. This is a circle centered at the extraordinary point in the parameter space
(See Fig. [3(a)). It should be pointed out that the blending area defined here is
different from the one used in [12], which is defined by u? + v? < \,, with ),
being the sub-dominant eigenvalue of the subdivision matrix corresponding to
a valence n extraordinary vertex. The reason for this difference is because we
want to maximize the blending areas and overlapping of blending areas does
not matter in our case. The blending weight function W (u,v) must satisfy the
condition 0 < W (u,v) < 1 in the blending region and has to be at least C*-
continuous everywhere. We follow Levin’s approach [12] to define W (u,v) as
follows: W (u,v) = (u? +v2)(3(u? +v?) — 8/ (u? + v2) +6). It is easy to see that
W (u,v) satisfies 0 < W (u,v) < 1 in the region u? +v? < 1 and is C?-continuous
everywhere. At the extraordinary point, W (u,v) approaches zero. When near
the boundary of the blending (i.e. u? + v? = 1), W(u,v) approaches 1, with
zero partial derivatives up to order 2. Hence, the resulting surface is guaranteed
to interpolate the given mesh and, meanwhile, cancels out the irregularity and
discontinuity of the blending surface T
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3.5 Blending Around an Arbitrarily Selected Point

Because it is locally adjustable, our method allows local blending to be per-
formed in regions around arbitrarily selected points of the surface, not only the
images of the control vertices. For example, in Fig. to adjust the interpo-
lating surface in a small area around the selected point (ug,vg), the one marked
with a black solid circle, we find the biggest circle in the parameter space whose
center is (ug,vo) (the red circle in Fig. [3(b)]). This circle defines the blending
area for the selected point. To find the radius for the blending circle, we com-
pare all the distances from (ug,vg) to all the boundary parameter values in the
parameter space and the smallest one is the radius of our blending area, denoted
ro. In addition, as mentioned above, the blending area should not include the
parameter point (0,0). So we also need to compare ¢ with the distance between
(0,0) and (ug,vo) and the smaller one is called r. Therefore the blending area for
the selected point (ug,vo) can be defined as follows: (u — ug)? + (v — vg)? < 2.
The corresponding blending weight function is defined by the following quadrtic
formula [12]: W (u,v) = p?(3p% — 8p + 6), where p = \/(u — u)? + (v — vg)2 /7.
It is easy to see p < 1 and W (u,v) satisfies 0 < W (u,v) < 1 in the blending
region and is C?-continuous everywhere. Note that at the selected point, W (u,v)
approaches zero. When near the boundary of the blending region, W (u,v) ap-
proaches 1, with zero partial derivatives up to order 2. Consequently, it can still
cancel out the irregularity and discontinuity of the blending surface T while
locally modify the shape of the interpolating surface.

3.6 Construction of Blending Surface T;

In the above section, we have discussed how to construct an initial blending
surface Ty around vertices to be interpolated. In this section, we show how
to construct a blending surface T; around an arbitrarily selected point. Again,
we can use Affine transformation to construct 7; from S;. The scaling factor
components of the affine transformation matrix can be similarly determined, by
simply comparing the dimensions of T; and S;. The question is how to determine
the offset components of the affine transformation matrix. Note that, unlike the
case of Ty where the offset components of the affine transformation matrix are
determined by the vertex to be interpolated and its limit point on S, in this case,
there is no point in the given mesh that corresponds to the selected point on
S;. Therefore, the offset components for an arbitrarily selected point cannot be
determined directly. We propose to determine the offset vector for each selected
3D point by constructing a Hermite surface for the patch that covers the selected
point. For example, if the offset vectors for the four corner vertices of the patch
are D1, Dy, D3 and Dy, then we construct a Hermite surface patch H (u,v) based
on Dy, Dy, D3 and D,4. The tangent vectors at the four corners required for the
construction of H are set to the partial derivatives of the limit surface S at the
four corners. The offset vector for a selected point with parameter value (ug, vo)
in S;, now can be simply set to H (ug, vp).
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3.7 Interpolation of Normal Vectors

Direction of normal vectors specified at vertices of the given mesh can also
be interpolated. The key is to modify the construction process of the blending
surface Ty so that it would have the same normals (actually the same partial
derivatives) at the extraordinary points. This can be easily achieved by rotating
each piece of Ty with appropriate X, Y and Z rotation factors after the above
mentioned translation and scaling process. This is possible because each piece
of Ty interpolates only one point of P. Hence we have a blending surface Tj
that not only interpolates the given mesh P but normals specified at some or all
vertices of P as well. Because the value of W (u,v) and its first partial derivatives
at (0,0) are all zero, the resulting interpolating surface S then satisfies

T (u,v)  0S(u,v) d T (u,v)  8S(u,v)
ou  Ou an o v

In other words, S and T have the same normal. Hence, with one more Affine
transformation we can construct an surface that not only interpolates the given
mesh, but normals at all or some of the vertices of the mesh as well.

3.8 Handling Open Meshes

Interpolation of open meshes can be achieved by making minor modifications to
the above proposed local blending interpolation process for closed meshes. Note
that our method is locally adjustable. Hence a point on the limit surface actually
can be moved to anywhere, as long as the interpolation requirement is satisfied.
Consider the mesh shown in Fig. where vertices marked with circles, like P
and @, are boundary vertices and vertices marked with solid circles, such as V/,
A and B, are interior vertices. The shaded surface patch is the corresponding
limit surface where S(A) and S(B) are the images of A and B, respectively,
S(C) and S(D) are the images of the corresponding edge points, respectively.
According to our interpolation method, S(A) and S(B) should be moved to
A and B, respectively. However, to interpolate the boundary points P and @,
we can modify our approach such that S(A) and S(B) are moved to P and
@, respectively, and S(C) and S(D) are moved to A and B, respectively. The
resulting surface then interpolates all the vertices of the given open mesh.

4 Test Results

The proposed techniques have been implemented in C++ using OpenGL as the
supporting graphics system on the Windows platform. Quite a few examples
have been tested with the techniques described here. All the examples have
extra-ordinary vertices. Some of the tested results are shown in Fig.s [l and [l
From these examples we can see smooth and visually pleasant shapes can be
obtained by locally adjusting the original limit surfaces.
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(a) Given Mesh  (b) Interpolation Sur- (c) Given Mesh (d) Interpolation
face Surface

(e) Given Mesh (f) Interpola- (g) Given Mesh (h) Interpolation Surface
tion Surface

Fig. 4. Interpolation Examples

All the interpolation shown in Figures [Il and (] are done with at least two
blending processes. First one is done with T, which is based on all the given
control vertices. T for the second blending process is based on all edge points
of the given mesh. Some figures in the examples went through more blending
processes to further improve quality of the interpolating surface. T;’s for those
blending processes are selected based on, for example, face points of all patches,
or parameter values (21J , 21k ), where j and k are integers. User interaction is also

possible. For example, Fig. Fig.[[(c)|and Fig.[T(d)] all interpolate the given
mesh shown in Fig. but Fig. [1(c)| and Fig. [I(d)| are obtained with more

local adjustment on the upper and lower part of the teapot body. The other
parts are not adjusted, hence they are exactly the same as those shown in Fig.
Fig. [l shows, with user local adjustment, a better shape can be obtained
after some automatic blending processes.

The mesh shown in Fig. consists of four separate open meshes: lid, handle,
body and spout. Although each of these meshes can be interpolated separately,
Fig. and Fig. [1(c)| are generated by regarding them as a single mesh. The
mesh shown in Fig. [4(c)| (its interpolation surface is shown in Fig.|[4(d)) is another
example of an open mesh with disconnected boundaries.
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5 Summary

A new interpolation method for meshes with arbitrary topology is presented.
The interpolation is a local process, it does not require solving a system of linear
equations. Hence, the method can handle data set of any size. The interpolating
surface is obtained by locally adjusting the limit surface of the given mesh so that
the modified surface interpolates all the vertices of the given mesh. This local
adjustment process can also be used to smooth out the shape of the interpolating
surface. Hence, a surface fairing process is not needed in the new method. The
new method can handle both open and closed meshes. It can interpolate not only
vertices, but normals as well. The resulting interpolating surface is not a Catmull-
Clark subdivision surface. It does not even satisfy the convex hull property
[12]. But the resulting interpolating surface is guaranteed to be C? continuous
everywhere except at some extraordinary points, where it is C! continuous.
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Abstract. In industrial pattern reproduction, clustered-dot screens are usually
created to transform continuous tone image into halftone image for batch print-
ing. But the algorithms generating clustered-dot screens are usualy difficult to
process large image because they are very slowly and need lot of memory. In
addition, the generated halftone image often have periodic patterns, leading to
poor tone reproduction. In this paper, a GPU-based agorithm for building sto-
chastic clustered-dot screens is proposed. In the algorithm, after stochastically
laying screen dot centers within a large dither matrix, Voronoi diagram is con-
structed to obtain the region of each screen dot, which is implemented with
GPU. Then, each screen dot’s region is filled to get the stochastic clustered-dot
screens, where a better gray density filling method that can be implemented eas-
ily on GPU is used. Experiments show the method can generate screens faster
and with less memory than traditional algorithms. Moreover, in a halftone im-
age generated by our method, the details and highlight part can be better ex-
pressed.

Keywords: digita halftoning, GPU, stochastic clustered-dot screen, Voronoi
Diagram.

1 Introduction

For many years, in printing and dyeing, chinaware, weave, silk, washrag, carpet,
brand and other industries, how to reproduce continuous tone image with hundreds of
gray levels and millions of colors using only one or limit colorsisrealy adifficult but
basically problem. The process of transforming continuous tone into binary image is
called halftoning. Continuous tone image need to be transformed into halftone image
before batch printing.

Digital halftoning is developed from the traditional halftoning. Error-diffusion al-
gorithm is one kind of method for generating halftone images. General error-diffusion
agorithms ¥ are to compensate the quantization errors by distributing them on to
the neighboring pixels of the input image. The problems has two main shortcomings:
one is that invariable error-diffusion model can lead to periodically pattern especially
in where the grayscale is changing smoothness or in the grayscal e wedges; the other is
that it is not easy to be parallelized. Another kind of methods that can generate half-
tone image utilizes Wang tiles to generate large point sets possessing a blue noise

G. Bebiset al. (Eds.): ISVC 2007, Part |, LNCS 4841, pp. 98 2007.
© Springer-Verlag Berlin Heidelberg 2007
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Fourier spectrum and high visual quality . But they and Error-diffusion algorithms
are both not easy to be parallelized and batch printed.

Inindustrial pattern reproduction, clustered-dot screens are usually created to trans-
form continuous tone image into halftone image for batch printing 56 |n this kind of
method, for each output pixel, we can find its corresponding locations both in the
dither array and in the input image, compare these pixel’s intensity values, then write
the pixel to the output image. The whole process is very efficient, only one compari-
son is needed, and each output device pixels can be computed independently, which
enables the process to be parallelized and pipelined easily. But the algorithms generat-
ing clustered-dot screens are usually difficult to process large image because they are
very slowly and need lot of memory, and are not easy to be implemented with GPU.
In addition, the generated halftone image often have periodic patterns, leading to poor
tone reproduction.

In this paper, a GPU-based algorithm for building stochastic clustered-dot screens
is proposed. In the algorithm, after stochastically laying screen dot centers within a
large dither matrix, Voronoi diagram is constructed to obtain the region of each
screen dot, which is implemented with GPU. Then, each screen dot’s region is filled
with sets of different intensity levels to get the stochastic clustered-dot screens, where
a better gray density filling method that can be implemented easily on GPU is used.
Experiments show the method can generate screens faster and with less memory than
traditional agorithms. Moreover, in a halftone image generated by our method, the
details and highlight part can be better expressed.

2 Previous Relative Works

Stochastic screens can offer finer grain compared to traditional screen, and advance
the quality of presswork. It also permits to superimpose more than three layers with-
out moirés and can reproduce more colors, gray grades and finer images details. Re-
cent years, multiple authors have proposed some excellent stochastic clustered-dot
screens al gorithm such as [5-6].

In [5], alarge dither matrix comprising thousands of stochastically laid out screen
dotsis constructed by first laying out the screen dot centers. After Delaunay triangula-
tion of the screen dot centers, the maximal region of each screen dot is computed and
iso-intensity regions are created, and then fill each region with different intensity
levels. The algorithm in [6] adopts similar method to generate the screens. They in-
troduces a Delaunay triangulation agorithm using a uniformly grid, which exhibits
linear time complexity to improve the speed. Then it fills the cluster (maximal region
of each screen dot) according to area proportion and divides each cluster into several
triangles and quadrangles, and deal with them one by one to generate screens.

Based on these work *® we propose a GPU-based algorithm for building stochas-
tic clustered-dot screens, which can generate screens faster and with less memory, and
the details and highlight part in a halftone image generated by our method can be
better expressed.
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3 Algorithm Description

Like [5-6], our algorithm for building stochastic clustered-dot screens has three steps
(see Fig.1):

Stepl: randomly lay screen dot centers within alarge dither matrix (see Fig. 1(a)).
Step2: compute each screen dot’s maximal region by constructing Voronoi diagram
(see Fig.1(b)).

Step3: fill every Voronoi region with a set of different gray levels to get stochastic
clustered-dot screens (see Fig. 1(c)).

(@

Fig. 1. the process of generating clustered-dot screens using our method. (a) lay screen dot
centers. (b) compute VVoronoi diagram. (c) fill VVoronoi region to get screens.

In step 1, we use the disk-throwing method same as [5-6] to generate the screen
dots by visiting the matrix aong with the random space filling curve. As shown in the
radial power graphic in Fig.2, its power distribution is well-proportioned, and the
radial anisotropy spectrum graphic shows that the anisotropy value is very low.
Hence, the screen dots' distribution has obvious blue noise property, and low fre-
quencies may be avoided, i.e. the most representative frequencies present in the ren-
dered halftone patterns should correspond to the screen dot periods.

A
A S
\ T |
(€Y (b) (©

Fig. 2. (a) Fourier amplitude spectrums. (b) radial anisotropy spectrum. (c) radial anisotropy
spectrum.

In step 2, in order to compute the cluster, [5-6] first compute Delaunay triangula-
tion, by which to approximately construct Voronoi diagram of the screen dot centers.
While our algorithm generate Voronoi diagram directly from the screen dots centers
with GPU to generate clusters faster. In this paper, we use JFA method [ to imple-
ment the step 2(Fig. 3(a) shows the results of JFA method in a 64*64 matrix). It isthe
first parallel algorithm for (approximated) Voronoi diagram in GPU with time inde-
pendent of input size when the output resolution is invariant, that is, it is output sensi-
tive where its running time is mainly depending on the output resolution (if no timeis
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Fig. 3. (8) The Voronoi results of the JFA for radius r equals to 8. (b) a Voronoi region. (c)
screen result using method in [6] with r = 16. (d) screen result using our method with r = 16.

charged to put the seeds into a texture, as in the case of an input is already a texture)
[ Based on the method in step 2, step 3 can be implemented with GPU easily.

In step 3, we'll fill each dot center’s Voronoi region (cluster) with a set of gray lev-
és. In[5-6], the generated boundary of cluster is not smooth, even if some smoothing
method is used. Further, their filling processis serial. Here, we propose a new method
to fill the cluster so that we can finish all the filling in constant time complexity, and
improve the screen quality obviously without smooth processing. We will describe
the detailsin section 4.

4 Filling ClustersUsing GPU

In step 3, we use different colors to distinguish different Voronoi regions. If a point
has at least 2 different color neighbors belonging to other screen dot, we call it as
corner boundary.

In order to fill the clusters, for each region of one screen dot center O, we find all
corner boundaries firstly. And for each point Q in the region, we find its nearest cor-
ner boundary P, and then compute its gray level by linear interpolation according to
the location relation of Q , O and P.

According to Fig.3(b), the filling process can be described as followings:

Step 3.1: Find corner boundaries.

Let the location of a given point Q be (X, ), its 8 neighbors are (x+ky, y+k,), where k =
{-1, 0, 1}, and k; and k, are not equal to O at the same time. Hence, just run a vertex
program and a fragment program in turn, we can finish this step.

Step 3.2: Find nearest corner boundary for each point.

For a given point Q, we should find its correspond screen dot center O, and the near-
est corner boundary P. Obvioudy, Q and P must have the same color. And any two
adjacent screen dot center's distance is between r and 2*r ¥ where r is the radii of
the disk used in step 1. So when we use flooding method to find P, the total step may
limitinr steps.

Step 3.3: Compute gray intensity level for each point.
In the following, we compute the projection point Q' on the line OP. We let the ratio
of OQ’' and OP asthe gray level of the given point Q:

G(Q) = (10Q'[) / |OP]) *255.
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Fig.3(c) and Fig. 3 (d) show two stochastic clustered-dot screens produced by the
method in [6] and our method respectively. The cluster’s boundary in Fig. 3(c) is
sharper than that in Fig. 3(d). And the whole screen looks like aggregate of sets of
black dots and white dots in Fig. 3(c), whilein Fig. 3(d) the transition between differ-
ent intensity is much smoother. All these advantages indict our screen may increase
the number of perceived colors on display devices with a limited number of intensity
levels, and have better tone reproduction capability and detail resolution. We will
show some experiment results and analyzes in the next section.

5 Experiment Results and Analyses

5.1 TimeAnalyses

Since our algorithm is based on GPU, the speed is faster than traditional methods. Fig.
4 shows the time cost comparison (Note: the time showed in the graph include the
time of step 2 and step 3 only) between our method and the method in [6], where the
disk radius r equals to 8, and the run environment is: CPU AMD Athlon™64 Proces-
sor 3500+, 2.21GHz, 2.00GB; GPU NVIDIA GeForce 7900 GT/GTO; VC++6.0.

Time(s)

— pur method

— method i [4] siEn

5.98
v.rg -ie 0

0.39 0 75 0.¥6 .03 ]'_l_g_____———-————___"

P P

100 200 500 B0 1000 2000
Matrix size

Fig. 4. Time comparison of the method in [6] and our method

In Fig.4, the black and blue lines show the time of the method in [6] and our
method respectively. We find that when the matrix’s size increases linearly, the time
also increases linearly in [6]. However, when the matrix’s size is large enough, the
time cost is very high. For example, when the matrix’s size is 1000* 1000, the time for
generating screen by the method in [6] is 22.62 second, and when the matrix’s sizeis
2000*2000, the time is 87.52 second. However, using our screen algorithm, we can
reduce the time for generating screens. Experiments show that when the matrix’s size
is 1000* 1000, the time for generating screen by our method is 1.19 second, and even
if the matrix’s size is 2000* 2000, we only need 3.04 second to compute the screen.

5.2 Quality Analyses

The disk radius r determines the minimal distance between the screen dots, i.e. deter-
mines the size of clusters. By changing the disk radius, the screen dot size can be
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adapted to the characteristics of particular printing devices. From appearance, the
cluster in our screens are approximate to round shape, their boundaries are very
smooth, the transition between different grays are very natural, so our screens are
suitable to represent high quality images.

Fig. 5 shows some comparisons between our method and other methods, such asin
[4] and [6]. In zone patterns, we may compare these methods anti-aliasing ability.
From the result, method in [6] and our method both have better anti-aliasing ability
than other methods. Images produced by method in [4] and [6] have no obvious peri-
odical patterns in the grayscale wedges, however, the grayscale transition is not
smooth enough, and the number of perceived colorsis fewer than our method.

o

origina image method in [4] method in [6] our method

Fig. 5. Zone patterns (top) and grayscale wedges (bottom) produced by method in [4], method
in[6], and our method

Fig. 6. Grayscae wedges. From top to bottom rendered respectively by the method in[6], r =
16; our method, r = 16;the method in[6], r = 8; our method, r = 8.

The grayscale wedges in Fig.6 are produced by method in [6] and our method, us-
ing two different radius (r = 8, and r = 16). From these we can see clearly that our
method can get more perceived colors on display devices with a limited number of
intensity levels.

In Fig.7, from the left to right, the binary images are produced by using method in
[6], [4] and our method, respectively. In the right images produced by our method,
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Fig. 7. a. Result images. From |eft to right, using method in [6], method in [4], and our method
respectively.

Fig. 7. b. Result images. From left to right, using method in [6], method in [4], and our method
respectively.

the detail in eye's area, Lenna's hair, Lenna's hat texture, and Mandrill’s fur, are
better expressed. And in some highlight area, such as the Mandrill’s bridge of nose,
our method can produce better tone reproduction.

6 Conclusion and Future Work

For pattern reproduction in printing and dyeing, chinaware, weave, silk, washrag,
carpet, brand and other industries, continuous tone image need to be transformed into
halftone image before batch printing. Clustered-dot screens are usually used in this
process. But it is usually difficult to process large image owing to speed and memory
limit, and the generated halftone image often have periodic patterns, leading to poor
tone reproduction.

In this paper, a GPU-based agorithm for building stochastic clustered-dot screens
is proposed. Experiments show the method can generate screens faster and with less
memory than traditional algorithms. Moreover, in a halftone image generated by our
method, the details and highlight part can be better expressed. And the algorithm can
be integrated into the Integrated Computer Aided Patterns Design and Plate-making
System we have developed.

In this paper, we only consider linear interpolation of gray intensity levels, it may
result in some linear discontinuity (jagging) in the screens (see Fig.3(d)), and some
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discontinuity (see Fig.8)of gray levels between the halftone image generated by our
algorithm and the continuous tone image. In the future, we will try different interpola-
tion methods such as quadratic and cubic interpolation to get better resuilt.

Outputl Reflectance

[deal Situation
Our Method

Input image
intensity level

Fig. 8. Tone reproduction curves
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Abstract. We present a new method for integrating hierarchical levels
of detail (HLOD) with occlusion culling. The algorithm refines the HLOD
hierarchy using geometric criteria as well as the occlusion information.
For the refinement we use a simple model which takes into account the
possible distribution of the visible pixels. The traversal of the HLOD
hierarchy is optimized by a new algorithm which uses spatial and tem-
poral coherence of visibility. We predict the HLOD refinement condition
for the current frame based on the results from the last frame. This al-
lows an efficient update of the front of termination nodes as well as an
efficient scheduling of hardware occlusion queries. Compared to previous
approaches, the new method improves on speed as well as image qual-
ity. The results indicate that the method is very close to the optimal
scheduling of occlussion queries for driving the HLOD refinement.

1 Introduction

Interactive visualization of complex models comprising millions of polygons is
one of the fundamental problems in computer graphics. In order to achieve inter-
active rendering of such models, the amount of processed data has to be substan-
tially reduced. Level-of-detail methods allow aggressive reduction of the amount
of data sent to the GPU at the expense of sacrificing image quality. Particularly,
hierarchical level-of-detail (HLOD) methods proved capable for interactive vi-
sualization of huge data sets by precomputing levels-of-detail at different levels
of a spatial hierarchy. HLODs support out-of-core algorithms in a straightfor-
ward way, and allow an optimal balance between CPU and GPU load during
rendering [1J.

An orthogonal approach of reducing the amount of rendered primitives is
occlusion culling [2]. Occlusion culling methods aim to quickly cull the invisible
part of the model and render only its visible part. In order to achieve this task,
most recent methods employ hardware occlusion queries (HOQs) [3/4].

The effects of HLODs and occlusion culling can be effectively combined [5l6].
Moreover, it was shown that HOQs can also be used to drive the HLOD refine-
ment [7]. In this case, the occlusion queries allow more aggressive culling of the
HLOD hierarchy, further reducing the amount of rendered primitives. However,
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due to the latency between issuing a HOQ and the availability of its result, the
direct use of HOQs for refinement criteria causes CPU stalls and GPU starvation.

In this paper we introduce a novel traversal algorithm for HLOD refinement
driven by HOQs. The algorithm minimizes CPU stalls and GPU starvation by
predicting the HLOD refinement conditions using spatio-temporal coherence of
visibility. As a result, it provides substantial speedup over previous methods
while maintaining comparable image quality.

2 Related Work

Rendering very large models has received serious attention in recent years.
Among other techniques, HLOD-based methods proved efficient for handling
these datasets. HLOD systems either use polygonal representation of LODs [§],
point-based representations [6], or a combination of both [9]. They commonly
employ a screen space error (SSE) to drive the HLOD refinement [8/5]. As an
alternative, Charalambos [7] proposed the virtual multiresolution screen space
error (VMSSE) which also considers the degree of occlusion.

Occlusion culling methods are another popular technique for handling large
models [2]. Recent methods employ HOQs mainly due to their efficiency and
simplicity. The main goal of the recent techniques is to cope with the latency
between issuing the query and availability of its results as well as reducing the
number of issued queries [3/4].

The combination of occlusion culling and discrete LODs was addressed by
Andugjar et al. [10], who introduced the concept of hardly visible sets. In the con-
text of view-dependent LOD El-Sana et al. [11] proposed cell solidity values with
the same purpose in mind. Gobetti et al. [6] presented a method for integrat-
ing hardware occlusion queries into an HLOD-based system. This method copes
with the query latency by using temporal coherence as proposed by Bittner et
al. [3]. Tt does not, however, exploit the results of HOQs for driving the HLOD
refinement.

Charalambos proposed a different method which also integrates occlusion
culling into an HLOD-based system, and it additionally exploits the results of
HOQs to drive HLOD refinement using the VMSSE [12]. In order to minimize
the effect of latency of HOQs, this technique performs several simplifications,
which may degrade the visual quality as well as the performance of the resulting
algorithm. Moreover, these effects are more noticeable in the case of scenes with
higher depth complexities [12]. In this paper we focus on these problems and
propose an optimized method for efficiently scheduling the occlusion queries,
which improves both the running time as well as the visual quality compared to
the previous methods.

3 Integrating HLODs and HOQs

This section overviews the problem of integrating HLODs and HOQs, and briefly
describes previous approaches. We first describe the visibility-based traversal of
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an HLOD hierarchy and then we focus on the computation of the visibility-based
HLOD refinement criterion.

3.1 Visibility-Based HLOD Traversal

The HLOD algorithm recursively traverses the hierarchy starting at the root
node. At every traversed node it evaluates a refinement condition. If this con-
dition indicates that the node should be refined, the traversal continues with
the children of the node. Otherwise, the traversal terminates and the LOD as-
sociated with the node is rendered. The set of nodes where the refinement stops
forms the front of termination nodes. The refinement condition commonly uses
the SSE, which corresponds to the projection of the model space error onto the
screen [85]. The SSE for the given node is compared to a user-defined threshold
given in pixels (1), known as pizels-of-error [5].

The HLOD algorithm can be improved by integrating occlusion culling into
the traversal of the hierarchy. Firstly, we can cull nodes which are completely
invisible [6]. Secondly, for visible nodes we can use the results of HOQs in the
refinement condition. This can be achieved by using the VMSSE [12)[7], which
modulates the SSE using the result of the HOQ.

By using the VMSSE we can reduce the number of rendered primitives. How-
ever, the HLOD refinement becomes dependent on the result of the HOQ, which
is not readily available at the time when the refinement criterion is evaluated,
due to the latency between issuing the HOQ and the availability of the result.
Waiting for the result of the query would cause a CPU stall and in turn a GPU
starvation. A way to cope with this problem is to predict the result of the HOQ
and use the predicted value in the evaluation of the refinement condition. If the
prediction were perfectly correct, we would only stop the refinement where it
would have been stopped if the result of the query had already been available. A
simple prediction method which uses the processing order of the nodes has been
proposed by Charalambos [12]. However, this prediction is rather simplistic and
inaccurate, leading to two main drawbacks: (1) When the prediction is too con-
servative, more nodes get refined and in turn more primitives are rendered, (2)
when the prediction is too aggressive, the node is rendered, but the same node is
then also refined when the result of the query is available. That means that the
refined children are rendered together with their parent, which can cause visual
artifacts.

In order to cope with this problem, our new algorithm predicts the refinement
condition based on the criteria determined in the previous frame. The prediction
is used to decide whether to immediately refine the node or stop the refinement,
or delay the decision till the result of the query becomes available.

3.2 Virtual Multiresolution Screen Space Error

The classical HLOD refinement criterion is based on the SSE which bounds the
error of projecting the simplified geometry onto the screen. The SSE only con-
siders the distance of the object from the viewpoint, and disregards the occlusion
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of the object. However if the object is largely occluded, we most likely do not
perceive subtle details in the remaining visible part of the object. This suggests
that the computed SSE could be reduced if occlusion is considered [I0J7].

In this paper we use a modification of the VMSSE proposed by Charalam-
bos [7]. This method evaluates the relative visibility p, which is the ratio of
unoccluded pixels to the number of pixels an object projects to. The number of
unoccluded pixels is computed by an HOQ, while the number of projected pixels
is calculated analytically.

The method presented in [7] used the relative visibility p to scale the SSE
linearly. However a simple linear scaling of SSE might lead to visual artifacts
because it does not take the possible distributions of visible pixels into account:
For larger relative visibility, it is likely that larger wvisibility windows appear,
which make errors due to decreased LOD levels more perceptible. A proper way
for handling this issue would be to analyze the distribution of visible pixels in
conjunction with visual masking analysis. However both techniques would be
too costly for evaluating the HLOD refinement criterion in real time. A simple
model which aims to reflect the possible clustering of visible pixels was proposed
in [I3]. It assumes that the likelihood of larger visibility windows to appear is
proportional to relative visibility u, and therefore modulates the SSE using a
sigmoid bias function B(u) (see Figure [[la):

VMSSE = Bs.(p) - SSE, (1)

where the bias B +(p) is a function of p with user-defined parameters s and t.
t € [0,1] is the mowvable turn over point and s € [0,1] is the smoothness. The
closer the movable turn over point ¢ is to 0, the more conservative the SSE mod-
ulation is, i.e. the SSE will be modulated strongly just if only a few unoccluded
pixels exist. The smoothness parameter s linearly interpolates between p and the
unsmoothed sigmoid. Particularly, if s = 0 then the sigmoid function becomes
equal to relative visibility (u).

Fig. 1. a) Sigmoid bias function Bs:(x) used to compute the VMSSE. In the region
defined by the halfspace p < ¢ the function provides aggressive scaling, while in the
region defined by the halfspace p > t the scaling is rather conservative. The s value is
used to control the smoothness of the curve. b) Candidates for update of the front of
termination nodes. In light grey we show nodes for which refinement has stopped for
all its children. In dark grey we show nodes one level below the termination nodes.
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4 Coherent HLOD Culling Algorithm

This section describes the proposed HLOD culling algorithm. We first describe
the complete traversal algorithm and then we focus on its crucial part, which
predicts the HLOD refinement condition by using temporal coherence.

4.1 Visibility-Based HLOD Traversal

The aim of our new algorithm is to perform efficient traversal of the HLOD
hierarchy while using visibility information to drive the HLOD refinement. A
naive algorithm would issue an occlusion query for every traversed node, wait
for its result, compute the refinement condition, and decide whether to descend
the hierarchy. Waiting for the result of occlusion is costly as it stalls the CPU and
in turn causes GPU starvation. Our algorithm solves this problem by predicting
the refinement criterion using temporal coherence of visibility. When proceeding
from one frame to the next, it is most likely that refinement will stop at the
same set of nodes where it has stopped in the previous frame. The exceptions
are when refinement is shifted up or down from the current level of the node due
to a change in its VMSSE.

Our coherent HLOD culling algorithm proceeds as follows: we start the traver-
sal of the HLOD hierarchy at the root node. At each traversed node, we predict
the refinement condition for the node based on the refinement conditions and
the results of occlusion queries from the previous frame (the prediction will be
described in detail in the next section). The prediction indicates one of the fol-
lowing actions: (1) refine, (2) stop refinement, or (3) delay the decision to the
moment when the visibility of the node for the current frame is known.

In case (1), the children of the node are traversed by putting them in the
priority queue. In case (2) and (3), we issue a HOQ for the node and put it in
the query queue. In case (2), we also render the geometry associated with the
node immediately and stop the refinement. In case (3), we delay the processing
of the node until the result of the HOQ becomes available in the query queue.
The decision is then made using the updated information about the visibility of
the node: If the node is invisible, it is culled. If the VMSSE is lower than the
threshold, refinement stops and the geometry of the node is rendered. Otherwise
the refinement continues by inserting the children of the node in the priority
queue.

The new traversal algorithm is outlined in Figure[2l Note that the differences
to the traversal algorithm of Gobetti et al. [6] were underlined. Also note that
the function CalecSSE() computes the node SSE [8], which is a quick operation.

4.2 Predicting the HLOD Refinement Condition

The crucial part of the new method is the prediction of the refinement condition
based on the relative visibility. As stated in the previous section, the prediction
suggests either refine, stop, or delay. Let us first analyze the consequences of
these actions for the traversal algorithm:
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PriorityQueue.Enqueue(hierarchy.Root);
while —PriorityQueuve. Empty() V —QueryQueue. Empty() do
while = QueryQueue. Empty() N (ResultAvailable(QueryQueuve. Front()) V
PriorityQueue. Empty()) do
node«—QueryQueue.Dequeue();
visiblePixels«—GetOcclusionQueryResult (node);
if visiblePizels> 0 then
PullUpVisibility (node);
u — visible Pizels/BBox Pizels(node);
node.bias «— B (1);
VMSSE « node.bias*CalcSSE(node);
node.stopRefinement «+— VMSSE < 7;
Traverse(node);

if = PriorityQueue. Empty() then
node«—PriorityQueue.Dequeue();
if InsideViewFrustum(node) then
stopMode«—PredictRefinement(node);
node.stopRefinement <« —(stopMode=Refine);
node.visible « false;
node.lastVisited «— framelD;
if node.stopRefinement then
IssueOclussionQuery(node);
QueryQueue.Enqueue(node);
if —(stopMode=Delay) then
Traverse(node);

Traverse(node);
if node.stopRefinement then
Render(node);

else
PriorityQueue.EnqueueChildren(node);

Fig. 2. Coherent HLOD Culling

— Refine. The children of the node are traversed immediately. No HOQ nor
rendering is performed for the current node. If it turns out that the prediction
was too conservative (it actually might have stopped for the current node)
we end up rendering more geometry than necessary.

— Stop. An HOQ is issued and the node is rendered immediately. When the
result of the query is available we compute the VMSEE of the current node.
If the prediction was too aggressive, we have to continue by traversing the
children of the node. Note that in this case we end up rendering geometry
of (some) child nodes over the geometry of the parent node, which increases
the rendering cost and can also lead to visual artifacts.

— Delay. In this case wait for the result of the query to decide on the refinement
condition. Thus for a node which was delayed and for which refinement
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should have stopped we have induced a latency in passing its geometry to
the GPU.

From this analysis we designed a prediction technique which aims to minimize the
number of incorrect predictions by assuming coherence of the front of termination
nodes. It primarily aims to predict either refine or stop conditions with high
accuracy. If we expect a stop condition, but with lower confidence, the predictor
returns delay. We also return delay for nodes which have been previously invisible
and thus we expect the refinement will terminate without rendering the geometry
of these nodes. The main idea of the prediction is to estimate the VMSSE by
combining the SSE of the current frame with the cached bias values from the

previous frame:
VMSSES" = SSE; x bias;_1 (2)

The prediction works as follows (see also the pseudocode in Figure [):

— Node was invisible in the previous frame. In this case the prediction returns
delay.

— Refinement stopped for the node in the previous frame. We calculate
VMSSE® and if it is still below the threshold, the predictor returns stop.
Otherwise, a significant change in the node visibility has occurred and the
predictor returns refine.

— The node was refined in the previous frame, but refinement stopped for all
its child nodes. In this case, the node is a good candidate for pulling up
the termination front (see the light grey node in Figure [I}b). We verify
this by first checking whether refinement for all children would still stop in
the current frame based on their estimations VM SSE®t. If any of these
indicates continue refinement, then the predictor returns refine. Otherwise,
since the node itself doesn’t have a cached bias value, we approximate bias;_1
for the node by taking the average cached bias from all children. If the
resulting VM SSE is above the threshold, the predictor returns refine.
Otherwise the predictor returns delay.

5 Results and Discussion

We implemented the proposed algorithm using C++ and OpenGL under Linux.
The HLODs use an octree with a single discrete LOD per node consisting of
about 2000 triangles. We used the quadric error metric [8/5] to construct the
HLODs and to derive the model space errors. For efficient caching of the geom-
etry on the GPU, we employed vertex buffer objects. The measurements were
performed on two scenes with different depth complexities. For all tests we used
a resolution of 640*480 pixels and the error threshold 7 = 1. The tests were
evaluated on a PC with Intel-Core 2 Duo (2.4GHz) and nVidia GeForce 8300
GTX.
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if —(node.lastVisited=frameID-1) V node.visible=false then
return Delay;

if —node.stopRefinement then
candidateToShiftUp « true;

forall child € node.children do
if —child.stopRefinement V —(child.bias*CalcSSE(child) < 7) then
candidateToShiftUp « false;

if candidateToShiftUp then

if AvgBias(node.children)*CalcSSE(node) < 7 then
return Delay;

else if node.bias*CalcSSE(node) < 7 then
return Stop;

return Refine;
Fig. 3. Function PredictRefinement(node)

5.1 Tests

We have used two scenes with middle and high depth complexities, respectively
named as scene 1 and scene 2 (see Figure [l). For each scene we have designed
a session representing typical inspection tasks. Depending on the traversal algo-
rithm and the metric used to refine the hierarchy, we have evaluated the following
scenarios:

— Bool: the hierarchy was traversed with the coherent culling algorithm version
of Gobetti et al., [6] (see Section B]). For this method we used the SSE metric
for HLOD refinement, i.e., HOQs were used as if their result were boolean.
Note that this configuration gives the ideal image quality for our tests.

— SW(B): the hierarchy was traversed with the hierarchical stop-and-wait
method referenced in Bittner et al. [3], using VMSSE to refine the hier-
archy. (B) stands for using the B; (1) bias to compute VMSSE. Note that
this configuration gives the ideal number of nodes to be drawn when using
VMSSEs.

— Simp(B): the hierarchy was traversed with the coherent HLOD culling al-
gorithm proposed in [I2] using VMSSE to refine the hierarchy.

— Coh(B): the hierarchy was traversed with our new coherent HLOD culling
algorithm (see Section H]) using VMSSE to refine the hierarchy.

5.2 Speedup

Figure[d shows the whole sequence of drawn nodes together with the frame rates
for the two scenes. All scene statistics have been summarized in Table [I

It can be seen that our new prediction algorithm significantly reduces the num-
ber of drawn nodes compared to both Bool and Simp(B), which also translates
directly into higher framerates. The main reason for the reduction of drawn nodes
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Fig. 4. Drawn nodes and frame rates for the test scenes

with respect to Bool was the use of VMSSE instead of SSE within refinement con-
ditions. The speedup obtained by using the VMSSE is clearer perceived in scenes
with higher depth complexity in which the savings in number of drawn nodes are
greater. The reduction of number of drawn nodes with respect to Simp(B) fol-
lows from the tighter approximation of the ideal number of nodes to be drawn,
which relies on the method to approximate the VMSSE bias. The comparison
to SW(B) shows that our new approach is within 1% from the ideal number of
nodes to be drawn, whereas the Simp(B) method draws up to 25% more nodes.
Tt is also worth noting that the precision of Simp(B) depends on the scene depth
complexity: it behaves poorly in scenes with higher depth complexities (scene 2),
whereas the new method handles this types of scenes very well.

Table 1. Statistics for the test scenes. DN is the number of drawn nodes, RARN is the
number of nodes that once rendered in a given frame need further refinement within
the same frame and D is the number of nodes delayed for rendering. FPS is the number
of frames per second, and Speedup is the relative speedup of Coh(B) with respect to
the given method. All presented values are averages over all frames.

scene 1 scene 2
Stats  full resolution model ~ 5M A's  full resolution model ~ 12M N's
number of HLOD nodes ~ 12k  number of HLOD nodes ~ 21k

Scenario DN RARN D FPS Speedup DN RARN D FPS Speedup

Bool 217 - - 169.9 1.13  468.5 - - 929 1.40
SW(B) 181.4 - - 473 404 3021 - - 68.2 1.91
Simp(B) 200 5 - 1736 110 3778 4.3 - 1054 1.23

Coh(B) 1833 0.1 4.7191.6 - 3039 04 4.2130.2 -
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The only source for visual artifacts inherent in the traversal algorithm (as
opposed to the VMSSE calculation) is the case when there are some nodes that
need to be refined even though they have already been rendered in the same
frame (RARN). Fortunately, unlike for Simp(B), for Coh(B) we have found
this value to be always negligible. The reason is that our delay strategy for the
nodes where the stop refinement condition is predicted to be shifted up effec-
tively minimizes RARN. Additionally, the RARN reduction is achieved without
hindering performance: the average number of nodes that are delayed for ren-
dering out of the total number of drawn nodes for the two scenes are only 2.56%
and 1.39%, respectively.

5.3 Image Quality

We have measured the difference between the final ideal image obtained by Bool
and the one obtained by Coh(B) by randomly selecting 20 frames of each in-
spection sequence and computing the peak signal-to-noise ratio difference (psnr).
This measure has been traditionally used as an estimator of the distortion intro-
duced by compression algorithms [14] and corresponds to the ratio of the power
of a particular signal and the corrupting noise. The average and standard devi-
ation psnr values (luminance (1) and chrominance (C, and C).) components of
the colors, repectively) for the 20 frames are: [ = 42.84 £3.22, C}, = 67.04 £ 3.68
and C, = 56.2 4+ 3.65 for scene 1; and [ = 35.51 + 1.4, C, = 59.34 + 1.55 and
C, = 48.69 £ 1.58 for scene 2. The fact that psnr > 30 for all color components
indicates that the proposed method practically does not alter the final image
quality [I4].

To emphasize the influence on image quality caused by Coh(B), for each node
in the front we have colored the geometry from dark to grey to light according
to the severity level of the modulation introduced by the bias: dark represents
regions of the model where the modulation is weak, grey represents regions where
the modulation is moderate and light represents regions where the modulation is
strong (see Figure [)). Note that the use of Coh(B) attenuates the bias, i.e., the
stronger the bias is, the less likely it is that the node is actually visible (see the
last column in Figure[Hl). On the other hand, whilst in Simp(B) the appearance
of visual artifacts is common, in C'oh(B) we practically eliminated this problem
(see the first two columns in Figure[[] and also the accompanying video).

5.4 Summary of Results

The results show that the proposed method is superior with respect to the pre-
vious state-of-the-art methods both in the framerate as well as in the image
quality obtained. In comparison to the method of Gobetti et al. [6] (Bool),
the reference solution for image quality measurements, we obtain a speedup of
1.13 — 1.4, which is significant, while the visual quality of our method does not
incur a perceivable penalty. In comparison to the method of Charalambos [7]
(Simp(B)), the speedup is about 1.1 — 1.2. However, that technique shows fre-
quent visual artifacts which might not be acceptable in walkthrough or inspection
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a) Scene 1

Fig. 5. Test scenes: selected frame of the visualization sequences when using Simp(B)
and C'oh(B). The last column corresponds to a visualization (from the user viewpoint)
of the introduced modulation of the nodes selected to be drawn due to the VMSSE
bias (Bs,:(p)) in Coh(B). The small frames in the first two columns correspond to a
detail in the scenes to show the possible appearance of visual artifacts due to RARN.
Models courtesy of Standford Graphics Group.

applications, and which the new method avoids. Therefore, the proposed solution
is qualitatively superior while still managing to be faster.

6 Conclusions

We have presented an algorithm to integrate HLOD and occlusion culling. The
main contribution is that the algorithm closely approaches the optimal set of
primitives to render while avoiding visual artifacts exhibited by previous meth-
ods. We demonstrate significantly improved performance when compared to pre-
vious approaches. The main idea is to exploit temporal coherence and make use
of the visibility information returned by hardware occlusion queries to deter-
mine the simplification degree of nodes. The method also has a straightforward
implementation.
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Autopolis: Allowing User Influence in the
Automatic Creation of Realistic Cities

Soon Tee Teoh

Department of Computer Science, San Jose State University

Abstract. Given terrain information and user preferences such as de-
sired city size, Autopolis generates commercial and industrial centers,
and grows areas surrounding these centers. The program also creates
streets and highways, and assigns a land-use for each parcel. Compared
with previous methods, Autopolis generates cities with better realism,
greater detail in layout, and more design variety.

1 Introduction

The computer gaming industry also has a strong demand for fast automatic
creation of urban enviroments because games across different genres (such as
driving, first-person shooter, role-playing, and strategy) take place in virtual
city environments. Computer-generated cities are also used in many movies.

We present Autopolis, a system for the automatic creation of realistic cities.
Given terrain information, the user first sets initial parameters such as the num-
ber of commercial and industrial centers, airports and seaports desired. The
program generates these centers according to heuristics. The heuristics for the
generation of centers and commercial and residential regions around the centers
are loosely based on classical well-established urban development models such
as Burgess’ concentric zone model, Hoyt’s sector model and Harris and Ullman’s
multiple nuclei model. These models are designed to be simplistic generaliza-
tions of urban growth patterns. Autopolis includes more advanced heuristics
that incorporate more variables (such as terrain, center proximity, water and
randomness) to better mimic real-world cities. For example, airports tend to be
near to the coast, and industrial centers tend to be near to seaports, on flat land,
and are a moderate distance from commercial centers.

Next, Autopolis grows areas surrounding these centers. These areas are set
to one of the following primary land-uses: commercial, industrial, residential or
park. The growth of these areas also depend on their target sizes set by the
user. Here, the user can determine the desired size of the city and relative sizes
of the industrial, commercial and residential areas. The program grows areas
realistically, for example, residential areas tend to grow on the perimeter of
commercial areas, and urban areas have a preference to grow on gentle terrain.

Autopolis then creates streets and highways, and assigns more detailed sec-
ondary land-uses. The result is a city that is realistic in layout, having shapes
and patterns that are similar to real-world cities. By controlling parameters and

G. Bebis et al. (Eds.): ISVC 2007, Part I, LNCS 4841, pp. 118-[129] 2007.
© Springer-Verlag Berlin Heidelberg 2007
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also editting the output of the program at each step in the process, the user can
also influence the appearance and design of the city. The program provides the
full range of user control, from fully-automated city creation, to fully-manual
city creation.

Compared to previous methods, Autopolis generates cities realism and detail,
including highways, major and minor streets, and more detailed classification of
land-use, and takes into consideration more heuristics and factors that influence
city development and land-use. Autopolis also creates cities with more variety
in appearance. Example 3D views of automatically-created cities are shown in
Figures [Il and 2

Skyscrapers

Historical
Government

Commercial Centers

Fig. 1. Annotated bird’s eye view of an automatically-created city

2 Related Works

Greuter et al. [I] have presented a procedural method to generate “pseudo-
infinite” virtual cities in real-time. Their method focuses on generating buildings
with different appearances. By generating a large number of these buildings in
real-time, their method creates an entire scene full of office buildings. As the user
pans across and looks at a different part of the scene, the method simply creates
more random buildings in real time. This method differs from our work in that
it only generates office buildings and does not generate realistic cities containing
other common land-use types, such as residential and industrial areas.

Lechner et al. [2] proposes a method that uses agents to grow a city. Like
our system, their system accepts terrain height and water as input and outputs
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Fig. 2. Bird’s eye views of an automatically-generated city

land use. They classify land use into three types: commercial, residential and
industrial. Different types have different preferences, for example, residential
developers prefer regions where roads are less congested, are close to water, and
are far away from industrial areas. Our proposed process is able to generate cities
that have much higher levels of complexity and detail, and therefore mimic real-
world cities better. We also allow the user a lot more control over the parameters
of the city design, so that the program can generate many different styles of cities.

Parish and Mueller’s [3] system, called CityEngine, uses L-systems to generate
streets and buildings. This method focuses on generating street patterns and
does not determine the land-use type of different areas of the city. Sun et al. [4]
also created a virtual road network. Their approach builds road patterns based
on image-derived templates and rule-based systems. They accept an input map
of the population density of the area, and then intelligently produce streets of
different patterns based on geographical and urban restrictions, such as elevation
and congestion.

DiLorenzo et al. [5]’s approach creates a hierarchical model based on zoning
and other heuristics. These heuristics are based on sociological and empirical
information from real-world cities. For example, the density is the highest in
the Central Business District and decreases with distance from the center. Their
system then runs a simulation of the city growth/decay over time. Our method
considers additional factors in the development of a city.
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3 Automated Centers

Given terrain information, the positions of commercial centers, seaports, airports
and industrial centers can be automatically-generated by Autopolis. Terrain in-
formation consists a 2D matrix of the height map (height of each point on grid
given) and water map (each point on grid set to Water or Land).

As a pre-processing step, for each cell with low elevation (with threshold de-
fined by the user), an attribute value distance ToFElevated is set, that indicates its
distance to elevated land. Attributes distance ToRiverMouth and distanceToWa-
ter are also set. Below is the algorithm to set distance to elevated land. The
algorithms to set distance to river mouth and water are similar.

Program to Set Distance from Elevated Land

program SetLowLand
current_distance = 1;
for each cell C in grid
if (C is low and adjacent to elevated land)
add C onto queue;
C.distanceToElevated = current_distance;
while not empty(queue)
current_distance++;
for each cell C from queue
for each adjacent cell C2
if not(C2.done)
add C2 to queue;
C2.distanceToElevated = current_distance;
end.

(Modified flood-fill algorithm)

First, Commercial Centers (also commonly known as “Downtowns,” “Finan-
cial Districts,” or “Central Business Districts”) are generated. Random positions
are generated for each Commercial Center. The position is rejected if it is closer
than d from an existing center, where d is a threshold value set by the user. The
position also has a probability p of being rejected if it is at a high elevation,
where p = h X m, where m is a parameter set by the user, a greater value of m
is used to indicate preference for lower elevation, and h is the elevation of the
cell (0.0 <h <1.0,0.0<m <1.0).

Next, seaports are generated according to the following algorithm. First, all
coastal positions are enumerated. Next, N random coastal positions are gener-
ated, and each position is given a score s. s = k1 X dj - ko X ds where d; is the
distance to elevated land and ds is the distance to a river mouth. d; and ds have
been pre-computed for all cells in O(n) time (algorithm given above). k1 and ke
are parameters set by the user, a larger k; value is used to indicate preference for
low land, and a larger ko value is used to indicate preference against proximity to
river mouths, because river mouths have high level of sedimentation unsuitable
for ports. The position is rejected if it is too close to an existing center. Among
the N random positions, the one with the highest score is selected as the seaport.
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Airports are generated similarly to seaports. The only difference is in the
assignment of scores. To simulate real-world siting of airports, a position has a
higher score if it is surrounded by a large area of flat land (for clear flight path)
and if it is near to a lake or the sea (for easy future extension of additional
runways).

Industrial centers are generated last because their positions depend on the
positions of existing airports and seaports. Industrial centers are generated in
a similar way to seaports and airports. The score of a position is higher if it is
surrounded by a large area of flat land, and also if it is close to a seaport and
an airport.

Figure [3] shows the positions of the commercial centers, industrial centers,
airports and seaports generated in a given terrain. After the centers have been
generated, they are displayed on the map. At this stage, the user has the option
to intervene by selecting and moving any center to any desired position on the
map.

4 Automated Roads

Roads are automatically generated in several different ways. First, highways can
be created to connect secondary urban centers to the main city center. Then
highways can also be created to connect centers with one another. Next, main
roads are created, and finally, smaller roads are created.

Highways are created from the town centers, industrial centers, airports and
seaports to the city center. A shortest path algorithm is used to create each road
to the city center. Each tile on the map is a node. There are costs associated
with going to a tile with a different elevation, and also going across water. These
costs can be set by the user.

The shortest path algorithm is slightly modified to take advantage of existing
roads (that is, the road that have already been created from other secondary
centers to the city center). In such a case, when the shortest path search reaches
a tile that is an existing road, it is assigned a cost, such that the cost of taking
this existing road to the city is a fraction of its actual distance to the city. This
fraction can be set by the user. The algorithm continues until the shortest path
search finds the city center. Then, among all the paths that reach an existing
road, or directly reaches the city center, the path that has the smallest cost is
chosen.

Commercial land-use is also randomly generated along the highways to sim-
ulate real-life growth of settlements along transport routes. The frequency and
size of these small commercial areas can also be chosen by the user. In Figure 3]
you can see the highways that have been generated to connect the secondary
centers with the main commercial center in the middle of the picture.

Next, main roads are created. To create a grid of roads, the user first defines
the resolution of the grid in the x and y directions. The system then generates a
road point in each of the grid cells that has more than a user-defined percentage
of developed area. There are two methods of determining the position of this
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City Center

Industrial Center

Fig. 3. Automatic urban centers, land-use areas and highways. Path-finding algorithm
avoids hills and water.

Regular grid pattern of Irregular grid pattern of main
main streets close to o streets in residential areas
' commercial centers ot

Less dense network of main streets further
away from commercial centers

Fig. 4. Hybrid method for main streets: regular hexagonal grid used near commercial
centers, irregular patterns used elsewhere. Less dense network further from city center.
Many major world cities have such a pattern.
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road point. In the “irregular” mode, a random developed point in each grid cell
is chosen as the road point. In the “regular” mode, the center of each grid cell
is selected as the grid point.

After all the grid points are determined, roads are created for each pair of
adjacent grid cells containing grid points. The shortest path algorithm is used to
create the roads. The creation of grid roads should take place after the developed
areas have been created. Many major U.S. cities, such as Chicago, have such a
pattern of main roads throughout the city.

Next, the vector field method is used to create minor roads. First, a vector
field is created. This vector field can be created based on any combination of the
following factors: (1) the coastline, (2) the relief, and (3) the existing network of
main roads.

To create a vector field according to the coastline, the cells containing the
coastline are assigned a vector in the direction parallel to the coastline. To use
the relief to influence the vector field, a cell that contains difference in height is
assigned a vector parallel to the contour in the cell (in other words, perpendicular
to the direction of steepest descent). To use the existing network of main roads,
each cell containing a main road is assigned a vector parallel to the direction of
the main road. After these cells have been assigned vectors, the method grows
the vector field by duplicating the vector for each cell to any adjacent cell that
does not yet have a vector assigned. In this way, every cell is assigned a vector.

Then, for each region surrounded by main streets, we find the vector at the
center of the region. We then create parallel minor streets inside this region in
the direction of the vector and also in the perpendicular direction. The streets
are equal distance apart, and those in the perpendicular direction are a greater
distance apart. An example is shown in Figure[Bl The user is allowed to change
the roads created by the automatic algorithms.

Uiza
T
1L
X

Fig. 5. A grid of minor streets is created in each region bounded by main streets
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5 Growing Areas

Urban areas initially grow from the urban centers: Commercial centers, airport
centers, seaport centers and industrial centers. We use various algorithms to
grow these urban areas. Figure [Bl shows an example. The user is allowed to set
target sizes for each of the land-use types: commercial, industrial and residential.
For each of the urban centers, the user is also allowed to set its target sizes. By
setting different relative target sizes, the user can control the style of the resulting
city. For example, increasing the size of the commercial and industrial areas will
result in a more densely-packed city.

The square method assigns a square area surrounding the urban center to have
the urban landuse. The size of the square is determined by the user. For example,
if the user has chosen to use the square method for an airport center, and set the
square size to 10 miles, then, the land-use of the 10x10 mile square surrounding
the airport center will be set to airport. This simulates many real-life situations
where city-planners have designated rectilinear areas for commercial land-use.
For example, downtown San Jose, the area designated for commercial use, has
a square shape.

Alternatively, the randomized method is used. he user sets a target number
of cells to be set to the urban land-use. Urban areas tend to grown along the
coast, and also they tend to avoid hills. Therefore, the user is also allowed to
set two parameters: (1) Water Affinity W, and (2) Hill Affinity H, to control
how the growth of this urban area is influenced by the presence of water and
terrain. A higher value for W leads to a higher probability that the cell would
be selected by the random algorithm, while a larger value for H causes the cell
to be less likely to be selected. A modified randomized flood-fill algoritm taking
into consideration W and H is used to grow urban regions.

Program to Grow Urban Region

nCells := 0;
program SetUrbanLand(Target)
put Seed in queue
while (nCells < Target)
for each cell C in queue
for each cell C2 adjacent to C
if (C2.landuse is not Urban)
if (rand (7% (5-Wd+Hh)==0)
C2.landuse := Urban;
add C2 to queue;
nCells := nCells + 1;
end.

(where d is distance from water, and h is difference in height from neighbors)

After the commercial and industrial areas have been set up, residential and
park areas are grown from the boundaries of the commercial and industrial areas.
All undeveloped cells adjacent to a commercial or industrial area are randomly
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set to have residential or park land-use and place in a queue and the areas are
grown using the same algorithm to grow an urban area given above.

After the various land-use areas have been set by the program according to
the parameters set by the user, the user has a chance to change the land-use
simply by painting over the area.

6 Secondary Commercial Land-Use

Each primary land-use type (commercial, residential and industrial) can be fur-
ther classified into secondary types. The secondary land-use types that influence
the city skyline the most are the secondary commercial land-use types. Our
program currently allows four different sub-types for commercial land-use: (1)
regular commercial, (2) historical, (3) government, and (4) skyscraper. These
are the four most common land-use types found within the downtown business
district of major cities in the world. They are classified in this way because these
different types all have a distinct style of buildings that affect the appearance of
the city.

The program begins by letting the user choose the number of Skycraper, His-
torical and Government sub-centers for each commercial center. The program
then generates these centers based on heuristics explained below. For example,
government centers tend to be near the city center, and historical centers tend
to be nearby government centers. The user is then allowed to adjust the posi-
tions of these sub-centers. After that, the program generates the city by growing
these secondary areas from the sub-centers. An example map showing secondary
commercial land-uses is shown in Figure

Many major city centers in the world have a substantial amount of land
used for government buildings. Especially in major capitals like London, Bei-
jing and Washington D.C., government buildings have a significant impact on
the appearance of the city. Government administrative buildings also tend to
look different from other buildings because they tend to be shorter, and are of-
ten built with an ornamental classic design, using traditional architecture, even
though they may have been built only recently. Streets in the government areas
tend to be grand, and are often long and straight, designed to be suitable for
holding parades, marches. Examples include the National Mall in Washington
D.C. Large squares, such as Tiananmen Square in Beijing and the Red Square in
Moscow are also commonly present in government areas. Large parcels of land
are often dedicated to palatial government buildings. Capital cities built from
scratch, including Canberra (Australia), Brasilia (Brazil), Putrajaya (Malaysia)
and Washington D.C. (U.S.A.), often have grand avenues and a spokes street
pattern connecting major government buildings and circles or squares containing
monuments and statues, like Paris (France).

Autopolis assigns a random position to be the Government Center. In each
urban commercial center, all cells are possibly chosen, however, more weight is
given to cells that are near the city center. This is because historically, govern-
ment centers tend to be near to the city center itself.
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Once the government center is set, the user is given the opportunity to move
it elsewhere. After this, a “government pattern” of streets is built centered on
this government center. An example government pattern of streets built around
a government center is shown in Figure [6l All the streets created in this pat-
tern will be flagged as “government” streets, and all adjacent parcels are set to
Government land-use.

N torical Center

craper Center

SRR overet Canr &8

Fig. 6. Secondary Commercial areas grown from their respective centers

Historical areas are important because they have a distinctive appearance,
and are often low in height compared to the skyscrapers in the financial district.
The historical center is often rather near to the government center, because both
were established when the settlement was still small. It also tends to be near
water, because that is where the port is usually originally built. As usual, any
cell in the commercial area is possible to be chosen as the historical center, but
more weight is given to those cells that match the heuristics mentioned.

Many commercial centers have a section that has especially tall buildings.
Examples include the La Defense business district in Paris and the Pudong
financial district in Shanghai. This cluster of skyscrapers often define the skyline
of the city. Most cities have one single skyscraper area, while some have multiple.
For example, New York City has a cluster of skyscrapers in Downtown and
another cluster in Midtown. Many skyscraper areas are in the middle of the
city, growing near to the historical center of the city, while other cities preserve
their historical centers and instead open up an entire new swath of previously
undeveloped land to build a new financial center.
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Also, the size of a skyscraper area compared to the total size of the city can
vary widely. American cities tend to have a small concentrated downtown area
with skyscrapers, surrounded by large low-lying suburbs. Other cities such as
Sao Paolo (Brazil) appear to be entirely made of skyscrapers. Some cities also
do not have skyscraper areas at all, because the building codes of the city impose
a height limit of the buildings and therefore skyscrapers are legally prohibited
from being constructed.

Therefore, the user is allowed to choose some parameters to control the way
skyscraper areas are generated: (1) number of skyscaper areas for each commer-
cial area, (2) the target size of a skyscraper area, and (3) the desired proximity of
the skyscraper area(s) to the historical center. By choosing different parameters,
the user can cause the program to create cities of different characteristics.

Given these parameters, the algorithm generates some suggested skyscraper
centers. The user can move these centers. When the user is satisfied, the al-
gorithm proceeds to assign parcels in these centers to be of the “skyscraper”
secondary commercial land-use. The algorithm then grows these skyscraper ar-
eas by adding adjacent parcels to the skyscraper land-use until the target is
reached.

7 Secondary Residential Land-Use

Residential areas in a city contain different types of buildings besides houses,
including schools, shopping centers, libraries, high-rise apartment blocks and

Park/open space K/ d =i
: Civic (school/library) .

rd Industrial

) Shopping mall ~
High-riseapar‘cments X X A \

Sub-urban house

Commercial (skyscraper) &

Commercial (historical)

Commercial (regular)

Fig. 7. Parcels around major intersections merged to form secondary Residential areas
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hospitals. Most of the above buildings are usually situated along main streets,
and shopping centers are often found at intersections of main streets. Autopolis
merges parcels at intersections of main streets into larger parcels and assigns
them to the Shopping Mall or other secondary residential land-uses. An example
is shown in Figure[1

8 Conclusion

Autopolis has several very attractive features that makes it effective for prac-
tical use. Compared to previous methods, Autopolis is able to quickly gener-
ate cities of unprecedented realism and detail, including highways, major and
minor streets, and more detailed classification of land-use (skyscraper, histori-
cal, government, residential, civic, ports, industrial etc.). Compared to previous
methods, Autopolis also takes into consideration more factors that influence city
development, such as water proximity, slope, elevation, and optimal distance be-
tween industrial/commercial centers and ports.

Autopolis also allows the user a full range of controls, from a fully-automated
city generation, to a fully manual city design. Because the process generates data
randomly, the user is able to generate a variety of different cities using different
seeds, or different parameters such as different number and size of commercial
centers.
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Abstract. We present a Virtual Reality application enabling inter-
active, physically correct simulation of tube-like flexible objects. Our
objective was to describe flexible objects by a set of parameters (length,
diameter and material constants) instead of rigid geometry (triangle
meshes) and to give the user the possibility to add, delete and manipulate
those flexible objects in a stereo projected environment in real-time.

1 Introduction

CAD-Tools create flexible, tube-like objects as static geometries during the con-
struction process, but the layout and behavior of these objects is not necessarily
physically correct. A more favorable way is to describe all flexible objects using a
predefined set of parameters and let a simulation return a correct triangle mesh.
Complete cable-trees can be constructed by joining cables or single cables can
be fixed at a cable tie. A positive result of such a VR simulation system is a
reduction of development time, eg. in automotive industry, the domain of our
application.

A simulation engine for tube-like objects must provide real-time frame rates
of at least 15 fps. The simulation must coincide with the shape of the real tube
within a small error. These two characteristics are fulfilled by the simulation
package fleXengine. For details about the simulation software, see [I]. We use
this software in our system without modifications.

2 Related Work

Two popular VR frameworks are VR Juggler [2] and AVANGO [3]. VR Juggler
provides interfaces for a wide variety of graphical interfaces, but applications are
bound to the chosen graphical interface. When the programmer needs to replace
the renderer, the source code of the application has to be rewritten. The system
can be extended through managers. User interaction is decoupled from the base
system and is part of the application. AVANGO is very closely coupled with the
OpenGL Performer library [4] and extends it with a VRML-like field interface.
User interaction is again the task of the application programmer. Both systems
do not know the concept of a generic "renderer” that works on scene data and
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produces some output (visual, auditory etc.). For the task presented here, a
simulation renderer that works on tube data is needed. Our own framework
allows the use of generic renderer plugins (cite ommited for review).

In [5], the authors mention the inclusion of the simulation of hoses and wires in
their VR system without describing their integration approach. The flexEngine
has recently been included into a commercial VE software package [6]. Unfortu-
nately, the integration process is not published and cannot be compared at this
stage.

Grégoire and Schomer [7] describe interactive simulation of flexible parts.
Their paper however i