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Preface

From June 14-17, 2008, the Center for Advanced Gaming and Simulation (AGS),
Utrecht University, in collaboration with the NLGD Festival of Games, organized
a Workshop on Motion in Games in Utrecht. Motion plays a crucial role in com-
puter games. Characters move around, objects are manipulated or move due to
physical constraints, entities are animated, and the camera moves through the
scene. Even the motion of the player nowadays is used as input to games. Mo-
tion is currently studied in many different areas of research, including graphics
and animation, game technology, robotics, simulation, computer vision, and also
physics, psychology, and urban studies. The goal of the Motion in Games work-
shop was to bring together researchers from this variety of fields to present the
most recent results and to initiate collaboration.

The MIG 2008 workshop hosted over 30 internationally renowned researchers
who all presented their ongoing work on topics such as crowd simulation, motion
capture, path planning and facial animation. This volume is a collection of the
papers presented during the workshop. Since this volume was published after the
workshop, the authors of the papers adapted their content in order to include
any discussions that took place during the workshop itself. All final contributions
were carefully checked by the workshop organizers.

The Motion in Games workshop was a very successful event that has set the
starting point for interdisciplinary collaborations and for novel research ideas
following the interesting discussions that took place. We are very happy with
the outcome of the workshop and the excellent contributions by the participants,
collected in this volume.

August 2008 Arjan Egges
Arno Kamphuis
Mark Overmars



Sponsoring Institutions

This workshop was sponsored by the GATE
project! and the NLGD Festival of Games?.
The ambition of the GATE project is to
develop an international competitive knowl-
edge base with respect to game technology,
and to train the talent required to enhance the
productivity and competitive edge of small

Game research
E E for training and

entertainment

and medium-sized creative industrial companies. The project will substantially
improve the competitiveness of companies producing (tools for) games and sim-
ulations by providing direct access to new technology and by technology trans-
fer projects. This will lead to larger companies, encourage the founding of new
companies, and attract companies from other countries to The Netherlands. The
project will make people aware of the possibilities of gaming in public sectors
such as education, health, and safety by performing pilots in these areas. As a
result, gaming and simulation will become more commonly applied in these sec-
tors, leading to quality improvements and cost reductions. The GATE project
is funded by the Netherlands Organization for Scientific Research (NWO) and
the Netherlands ICT Research and Innovation Authority (ICT Regie).

The NLGD Festival of Games is an an-
nual recurring event. The NLGD offers a plat-
form to the strongly upcoming game industry.
Too often one tends to think about games as
merely games for the youngsters. The NLGD
shows by means of activities, publications and
events that games and the game industry have
a huge social, economic and cultural impact.

NLGD

Festival of Games

The worldwide market for games is 30 milliard and the current Dutch market is
0.7 milliard euro in sales consisting of games and simulations (source: NLGD).
The Dutch game industry has grown in the last five years by 10% (source: PWC).

! http://gate.gameresearch.nl
2 http://www.nlgd.nl
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Texture Synthesis Based Simulation of
Secondary Agents

Marios Kyriakou and Yiorgos Chrysanthou

Department of Computer Science
University of Cyprus
mkyriakou@gmail.com, yiorgos@ucy.ac.cy

Abstract. Realistic simulation of virtual characters is essential in many
applications and particularly in computer games. Having a realistic sim-
ulation of an agent is a complex matter since there are many different
ways in which the real equivalent would have responded in real life. In
addition a human viewer is very accustomed to observing other humans
so the slightest inconsistency will be picked up. The complexity of the
task increases when we address the simulation of groups of virtual agents
interacting amongst them.

In this paper we argue that, given the current state of the art, exam-
ple based methods provide a lot of promise in addressing the realistic
simulation. We start by discussing the recently proposed example based
methods and then continue to present a novel approach based on texture
synthesis. Although it is still work in progress, some preliminary results
indicate that this is a viable approach that could potentially achieve
results not so easily reached with rule based methods.

1 Introduction

In recent years we have seen a great advancement in computer graphics im-
agery. Possibly one of the few remaining challenges is the realistic depiction of
humans. Virtual humans present difficulties both in terms of rendering and in
terms of behavior simulation and animation. This is particularly true in situation
where we have a number of humans interacting. Although we have seen a lot of
progress in the field recently, and we are gradually seeing more and more virtual
humans being included in real-time applications such as games, we are far from
having a satisfactory solution. In this paper we concentrate on the multi-agent
behavior simulation, and in particular concentrate on simulating the behavior of
pedestrian characters.

Some of the most popular approaches used in crowd simulation are either
particle based or rule based. The former tend to have less personalization for each
agent, while the latter require a lot of carefully crafted rules to get right. Over
the last couple of years we have also seen some data-driven techniques appearing
in the literature. The latter attempt to create a simulation by stitching together
example behaviors observed in real-world video. The data-driven approaches

A. Egges, A. Kamphuis, and M. Overmars (Eds.): MIG 2008, LNCS 5277, pp. 1 2008.
© Springer-Verlag Berlin Heidelberg 2008



2 M. Kyriakou and Y. Chrysanthou

have the advantage that they can capture a lot of variation and subtle behaviors
that would require a lot of painstaking rules to encode in a rule based system.
In addition they do that without involving the subjective definition of rules by
a modeler.

In this paper, we propose a novel data driven approach that is based on the
principles of texture synthesis. Our main difference over the other data driven
methods is that we do not process pedestrians individually, but we hierarchically
synthesize whole areas that may contain several pedestrians inside. This has
the possibility of capturing better the interaction between neighboring agents.
Moreover, since the existing texture synthesis literature is so rich, there is a large
arsenal of techniques that can readily be borrowed in order to solve issues that
might arise in our approach.

The method we present here is work in progress. It has been implemented and
some initial results have been obtain that seem to support our expectations.

2 Related Work

Our work combines crowd simulation with texture synthesis. The bibliography is
very large in both areas, so here we will briefly mention only the most relevant to
our work. Research in crowd simulation has been an active theme in a number
of fields, such as computer graphics, civil engineering, physics, sociology and
robotics. There are various popular methods for simulating crowds. Some derive
ideas from fluid mechanics, [1l2], while others make use of particles and social
forces [34]. However, the most popular approaches are rule-based. The seminal
work of Reynolds [5] proposed one of the earliest rule-based simulations, which
focused on flocking behaviors for animal “crowds”. Various works followed [6lf7],
both for animal and human crowds.

The works mentioned above focus mainly on the navigation aspect of each
individual and the general flow of the crowd. A number of works do look beyond
the navigation aspect. Some build a cognitive decision making mechanism for
rule definitions. In the work of Terzopoulos et. al. [§] a range of individual traits,
such as hunger and fear, are defined for simulated fish, generating appropriate
behaviors. Funge et. al. [9] simulates agents that not only perceive the envi-
ronment but also learn from it and use domain knowledge to choose the most
suitable behavior out of a predefined set. In theory, these methods can be ap-
plied to simulated crowds, however they are rather inefficient. In addition they
are complicated to define as most rule based systems are, when striving for more
realistic behaviors.

Applied to crowd simulation, the work of Musse et. al. [I0] takes into account
sociological aspects while defining a behavioral model. Sung et. al. [T1] represent
the set of behaviors as graph (a finite state machine) with probabilities associated
to the edges. These probabilities are updated in real-time based on a set of
behavior functions. In the work of Farenc et. al. [I2] and Thomas et. al. [I3],
information stored within the environment triggers the agents to perform various
actions.
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Data driven approaches have also been employed in crowd simulations.
Metoyer and Hodgins [14] allow the user to define specific examples of behaviors.
Musse et. al. [I5] using vision techniques to extract paths from a video for a
specific environment. Paris et. al. [16] use motion tracking to extract detailed
behaviors from a crowd of people in various small scale environments. In all three
cases the examples are used to refine an underlying behavior model.

Brogan and Johnson [17] use the statistics from observed pedestrian paths to
improve the navigation model. In the work of Lai et. al. [I8] a motion graph
approach is used for synthesizing group behavior. Ashida et. al. [T9] model sub-
conscious upper body actions with a statistical distribution which is extracted
from real video of individuals. This model is used in conjunction with the internal
cognitive and psychological state of the agents, in order to produce more realistic
pedestrian walking. In the more recent work of Lerner et. al. [20], a database
of human trajectories is learned from videos of real crowds. The trajectories are
stored along with some representation of the stimuli that affected them. During
a simulation an agent extracts from the environment a set of stimuli that possi-
bly effects its trajectory and searches the database for a similar one and copying
a trajectory from it.

Texture analysis and synthesis have been around since the 50’s [21] in the fields
of Psychology, Statistics and Graphic Computers. Using pixel-based texture syn-
thesis, Efros and Leung [22] developed a non-parametric sampling technique,
where the composition of textures is done repeating the matching of neighbor-
hood surrounding the processed pixel in the texture that is being composed
with the input-texture. Based on this technique, Wei and Levoy [23] developed
their own algorithm, using a pyramid of composition, which allows the use and
examination of smaller neighborhoods for better and faster results. Simultane-
ously, they applied tree structured vector quantization for the acceleration of
algorithm. An alternative approach was presented by Ashikhmin [24] where the
space and time for the search is drastically decreased. Hertzmann et. al. [25],
combining the techniques of Wei and Levoy and Ashikhmin in a common frame,
achieved enough interesting results and opened new regions for applications.

Patch-based texture synthesis maintain the general structure, creating new
textures based on the composition per piece. The algorithm of Efros and Freeman
[26] aligns the neighboring limits of certain processed pieces, from an overlap
region and then executing a technique of minimum-error-boundary-cut in this
overlap region, so as to decrease the imperfections of the overlap. This technique
has been adopted in many new algorithms even for 3D composition of textures
and from which we took enough elements and for our own algorithm.

3 Overview

The aim of this work is to produce pedestrian simulations based on example
data. Our examples come from real-world video footage of people, taken with an
overlooking static camera. The captured video is manually analyzed to extract
the static geometry and the trajectories of the people. This extracted data can



4 M. Kyriakou and Y. Chrysanthou

m a block

- TR

N-frames

Fig. 1. The frames of the input video are partitioned into tiles (left). The same tile
over N consecutive frames is a block (right).

be seen as a simplified video where at each frame we have the colored features
- people and static geometry - over a neutral background. This video, or 3D
texture, forms the input to our algorithm. Every frame of the input video is
segmented into maxn square tiles. N consecutive frames of the same tile form
a block, see Figure [[l These blocks are the basic unit on which the algorithm
operates.

Our method proceeds in two steps. At preprocessing, the input video is ana-
lyzed, and the blocks are placed into a tree structure for easier access. Then at
run-time an output 3D texture is created by combining and blending together
selected input blocks. The output 3D texture does not need to be the same size
as the input. However, both its dimensions needs to be a multiple of the side of
the input tiles. The static geometry and the first K frames (K < N) need to be
pre-defined and are used as the starting point of the algorithm. (See Section 6
for the values of K as well as N that we have used.) The algorithm proceeds in
scan-line order using the K frames of a tile as a query into the tree in order to
find a good match and bring the “best matching” block of N frames. At the end
of an iteration over all the tiles, we have a video extended by N — K frames.

4 Initialization Phase

This is the pre-processing phase in which the database is prepared in an easy
to search way. It starts by first creating the 3D blocks and then proceeds to
distribute them on the leaves of the example tree.

4.1 Creation of 3D Texture Blocks

Having a video with tracked trajectories of individuals we need to construct a
large database with 3D blocks that will form the examples which will be used
to synthesize new trajectories in the synthesis phase. From the video we extract
3D textures: every frame is split to 2D man tiles, see Figure [Il left. If we extend
these 2D tiles in time we get the 3D block, see Figure [l right. In order to enrich
our database with a larger number of examples we overlap the tiles. The overlap
is done by shifting the grid of tiles by a few pixels iteratively in either direction
until we get all possible segmentations of the frame.
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4.2 Creation of the Example Tree

The 3D blocks created above are placed in the database, and arranged in a tree
structure, in order to have faster search in the synthesis phase. The tree has
six levels, with the internal nodes used for partitioning the data and only the
leaf nodes actually holding the block data. The criteria used for the partitioning
at the internal nodes are based on the count of pedestrians at the following
locations of a block:

Level 1. Present in the K** frame.

Level 2. Leaving from the west side between the K" and the N frames.
Level 3. Entering through the west side between the K*"* and the N*" frames.
Level 4. Leaving from the east between the K*" and the N* frames.

Level 5. Entering through the east side between the K** and the N*" frames.

In order to save memory, the tree actually stores only references to the location
of each block, while all the input data is stored just once in a separate common
table.

5 Synthesis Phase

In the synthesis phase we start from a given set of trajectories, K frames long,
and extend them in time. In our implementation we take as our starting point
the trajectories of the last K frames of the input video. As already mentioned,
the size of the output frames can actually be different from the input if desired.
The synthesis works one block at a time in scan-line order, in the manner of
texture synthesis [23]. For each block we first search in the example tree to find
the best match and then add it to the output. We will look at these two steps in
the following sections and also look at some tuning to the basic algorithm that
we have done in order to overcome certain problems we encountered.

5.1 Search for the Best Matching Block

In the spirit of texture synthesis, we look for the best matching 3D block by
considering the already constructed neighborhood, both in space and in time.
To do that we form a query that consists of the N frames of the northern, the
western and the north-western 3D block, as well as the K frames of the tile that
are already there, see Figure 2

We examine the query to find the values for the five criteria and use them
to traverse to the corresponding leaf of the example-tree. In this way we end-up
to a leaf that contains 3D blocks that are similar in these five hard-constrains.
In the leaf we evaluate the dissimilarity of the example blocks by comparing
their neighborhoods against the query. Firstly, we match each pedestrian from
the example with a pedestrian from the query. The couples that are selected are
the ones with the smallest dissimilarity value, see Figure Bl The dissimilarity
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Sissa, Already synthesized 3d-textures
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Input

Query

Fig. 2. We form a query using the already constructed neighborhood of the block, and
the already existing K frames

Fig. 3. First we match the pedestrians from the example (blue color) with the pedestri-
ans from the query (red color) and then we measure the distance between the couples

is calculated using the following measurement function which is the sum of the
distances between the couples through all N frames.

A= Z;V:I Z?Lpled \/((-T{;hzery - Ii;ample)2 + (y‘l;{tzery - yg;ample)Q)
where Nped is the number of pedestrians in the query, f runs over the frames
and xg;fery is the z coordinate of pedestrian 7 in frame f of the query. If we have
a pedestrian that is not present in a frame (has left or not entered yet) then we
add to A a penalty factor:

A = A + Penalty.

Having found the L most similar 3D blocks, where L is a predefined number,

we choose one of them randomly.

5.2 Creation of the New 3D Texture

Once the block is selected, we need to merge it into the output that has already
been constructed. Copying the selected 3D block and pasting as is does not give
smooth transition between the query and the selected block, see Figure @l This
problem is solved using interpolation between all matched couples (between the
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Template Similar Templhte Bimilar

r.;‘l pﬁ

Fig. 4. We may not have a smooth transition between the query and the selected 3D
block (left). In order to achieve smooth transition, we can use interpolation (right).

pre-existing and the new 3D block) and creating the new synthesized 3D-texture.
We find the two points (frames) where the two trajectories have the less difference
between them (P1 from the existing and P2 from the new) and we make the cut
on these points. Between these points we create a piece of new trajectory which
is the result after the interpolation of the position of the pedestrian at the points
P1 and P2, see Figure Ml (right). We do this for every couple and we create the
new synthesized 3D block.

The synthesized 3D block with N frames, is inserted in the output, to replace
the existing K frames. The new N-K frames that have actually added to the data
come from the input data that are real trajectories of real pedestrians. After we
apply the algorithm for a complete loop over all the m x n tiles we have extended
the trajectories by N-K frames.

5.3 Problems with the Synthesis

Bouncing Characters. In the algorithm as described up to here, if we have
a pedestrian moving in a direction opposite to the scanline-order used in the
composition, it might create problems. The problem arises from the fact that
the query accounts only for the 3 sides that are already in the output and has
no way for accounting for people entering from the other side. Anyone coming
from the part of the neighborhood that we did not examine was not considered
when those textures were processed and synthesized, therefore would have no
trajectory entering. It would bounce back.

We solved this problem by considering a circular neighborhood for the first K
frames, see Figure Bl and calculating a Neighborhood Similarity Measurement
Function for each pedestrian. This is an indication for the presence of pedestrians
near the examined 3D block.

We calculate a weight measurement (B) for every pedestrian which is in the
radius we examine and in the 3D blocks that we have already processed:

B = Z?:l Zi\ipled \/((xTcentre - ‘T;f:,eldest'rian)Q + (chentre - y}]:gdestrian)Q)
where (Trcentre and Yreentre are the x and y coordinates of the centre of the
tile and x7:,, is the = coordinate of the i" pedestrian in the f frame. In the
search process after we end-up at a leaf, we choose a number of 3D blocks that
have similar B values. This means that the example that we will finally choose

will have similar indication for the presence of pedestrians and in this we are
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.....

5
-------

Fig.5. For every pedestrian which is in the radius we examine we sum his distance
from the centre of the tile

considering these incoming pedestrians. For these 3D blocks we calculate the
dissimilarity value A to find the examples most similar to the query.

Insufficient Examples in the Database. Since our input data is finite, there
is always the possibility that a query defines behaviors substantially different
from any of the examples in the database. In that case the dissimilarity values
will be very high and choosing any of the examples will give unsatisfactory.

To solve this problem we create another database with smaller blocks than
the initial, i.e. we use multiresolution on the size of the tiles. We use 1/2 length
x 1/2 width of the initial. Thus, if we cannot find a similar 3D block matching
a query, we divide the query to 4 equal parts and for each one of these smaller
blocks we do a search in the second database with the smaller examples. The
synthesis phase for these smaller blocks is the same.

6 Results

To test our algorithm we created an example database using real data. From the
roof of a 5 storey building we used a static camera to capture a video approxi-
mately 5 minutes length. Using a semi-automatic system we tracked the pedestri-
ans, and we extracted the position (x,y) of each one of them in every frame.

At consecutive frames the positions of the same pedestrians are most likely to
be identical or very close. Thus, we sampled the data every 1:5 and the number
of the frames were reduced. In total we had about 10.000 frames. Every frame
was divided in tiles by m columns and n rows (m==6, n=5, total 30 tiles). Setting
the window size at 420 x 350 points, the tile size was 70 points. Overlapping
the tiles (every 14 points in x and y) we have 26 tiles every column and 21 tiles
every row (total 546 tiles in a frame). In order to create the 3D blocks we set as
N=60 (the number of the consecutive frames for each block) and K=15. So, we
created about 5.460.000 3D blocks. A big number of these were actually empty
and were discarded. Only about 1.700.000 carried some information (positions
of pedestrians) and were stored in the database using the 6-levels tree.
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Constructing the output using the 3D blocks of real data means that in effect
we are giving to our virtual agents the behaviors that are observed in the real
data. If we have pedestrians in the video which are avoiding each other and
have natural and plausible behavior, then this will be present in the synthesized
output.

Our preliminary results show that indeed it works as expected. Of course
this is work in progress, and more fine tuning is needed before we have quality
results but the work is promising since the behavior of the input data seems to
be maintained in the synthesized frames.

7 Discussion and Future Work

In this paper we present a novel crowd simulation technique based on texture
synthesis principles. Since, we do not make any assumptions on the behavior of
the pedestrians, we can take examples from any real situation and from those
we can synthesize new crowd behavior (new trajectories) that can run indef-
initely. As a future work, it would be interesting to have input from several
observed situations in order to produce more complex crowd behavior. Thus, we
can combine several inputs and can simulate the behavior of the crowd that is
shown in real complex situations. In this way, we can simulate the conditions in a
real city (crosswalks, shops, entrances, squares, malls, dense and sparse crowds),
enriching our database, capturing and analyzing video-clips from these places.
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Abstract. A central problem in games is planning high-quality paths for
characters avoiding obstacles in the environment. Current games require
a path planner that is fast (to ensure real-time interaction) and flexible
(to avoid local hazards). In addition, a path needs to be natural, meaning
that the path is smooth, short, keeps some clearance to obstacles, avoids
other characters, etcetera.

Game worlds are normally populated with a large number of characters.
In this paper we show how the recently introduced Corridor Map Method
can be extended and used to efficiently compute smooth motions for these
characters. We will consider crowds in which the characters wander around,
characters have goals, and characters behave as a coherent group.

The approach is very fast. Even in environments with 5000 characters
it uses only 40% of the processing power of a single core of a cpU. Also
the resulting paths are indeed natural.

1 Introduction

One of the main challenges of applications dealing with virtual environments is
path planning for characters. These characters have to traverse from a start to
a goal position in the virtual world without colliding with obstacles and other
characters. In the past twenty years, many algorithms have been devised to tackle
the path planning problem [IL[2]. These algorithms were mainly developed in the
field of robotics, aiming at creating a path for one or a few robots having many
degrees of freedom. Usually, much CPU time was available for computing a nice
path, which often meant a short path having some clearance to the obstacles,
because a bad path could be expensive to traverse, and could damage the robot
or environment.

While these algorithms were successfully applied in fields such as mobile
robots, manipulation planning and human robot planning [I], current virtual
environment applications, such as games, pose many new challenges to the algo-
rithms. That is, natural paths for many characters traversing in the ever growing
environments need to be planned simultaneously and in real-time. Consequently,
only a (fraction of a) millisecond per second CPU time may be spent per char-
acter for computing the natural path (i.e. a path that is smooth, short, keeps
some clearance to obstacles, avoids other characters, etcetera).

A. Egges, A. Kamphuis, and M. Overmars (Eds.): MIG 2008, LNCS 5277, pp. 11 2008.
© Springer-Verlag Berlin Heidelberg 2008
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In conclusion, current virtual environments require a fast flexible planner
which can generate natural paths. A candidate for the flexible planner is a Po-
tential Field method [3], because it can be used to evade characters and to create
smooth paths. Due to the method’s local behavior, it will not always find a path.

Roadmap based methods, such as Visibility graphs [I], Probabilistic Roadmap
Methods [2], and the A* method operating on a graph-like grid [4], can usually
ensure that a path can be found if one exists. However, they lack flexibility
because they output a fixed path (extracted from a one-dimensional graph). In
addition, the paths are unnatural. While some optimization algorithms exist,
they are too slow to be applied in real-time [5].

Recently, the Corridor Map Method (cMM) has been proposed, which satisfies
the requirements mentioned above [6]. The cMM directs the global motions of a
character traversing a corridor. Such a corridor is extracted from the corridor
map which is a graph with clearance information. Local motions are controlled
by potential fields inside a corridor, providing the desired flexibility.

In this paper, we show how the cMM can be used to simultaneously plan the
motions of a large number of characters in real-time. To this end, we first, in
Section 2] indicate how to create high-quality corridor maps and how to extract a
path efficiently. Next, in Section[3], to obtain more natural motions, we introduce
variations in the local behavior of the characters. In particular, we will give a
simple approach to get natural lane formation. Also, in Section @l we describe
how the characters can avoid each other. Based on this we introduce in Section
two ways of modeling large crowds. The first method uses goal oriented behavior
by repeatedly planning paths for the individual characters. The second method
uses the corridor map itself to create wandering behavior. Finally, in Section [6] we
show how we can plan the motions of coherent groups of characters. Experiments
show that we can plan the simultaneous motions of thousands of characters in
real-time making the cMM favorable over common A* techniques.

2 The Corridor Map Method

The Corridor Map Method (CMM) consists of an off-line construction phase and
an on-line query phase [6]. These two phases are visualized in Fig. [l

In the construction phase, a corridor map is created, representing the free space
(i-e. the space that is not occupied by the static obstacles) of the environment. The
skeleton of the corridors is a graph. We refer the reader to Fig.[L(a)|for an example.

A corridor consists of a backbone path and a set of balls centered around this
path. A corridor B = (B[t], R[t]) is defined a sequence of maximum clearance balls
with radii R[¢] whose center points B([t] lie along its backbone path B. The param-
eter ¢ is an index ranging between 0 and 1, and B is defined as a list of coordinates.

In the query phase, we connect the start and goal position of the character
(modeled by a ball with radius r) to the graph and find the shortest backbone
path in the graph connecting these positions. From the map, we now extract
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.

(a) Corridor map (b) Corridor and query (c) Path

Fig. 1. The construction phase (a) and the query phase (b,c) of the cMM

a corridor which is formed by concatenating the corridors corresponding to the
edges being part of this path. These steps sre visualized in Fig.

While the corridor guides the global motions of the character, its local motions
are led by an attraction point, a(x), moving on the backbone path of the corridor
toward the goal. The attraction point is defined such that making a step toward
this point leads the character, located at position x, toward the goal.

The attraction point attracts the character with force F,. Let d be the Eu-
clidean distance between the character’s position and the attraction point a(x).

Then F,(z) = f%7where f= Rmir_d - R[ﬁ_r. The scalar f is chosen
such that f is 0 when the character is positioned on the attraction point. In
addition, f is co when the character touches the ball’s boundary.

Additional behavior can be incorporated by adding extra forces to F, re-
sulting in a force F. The final path is obtained by iteratively integrating F over
time while updating the velocity, position and attraction point of the character.
In [6], it is proved that the resulting path is smooth (i.e. C'-continuous). An
example of such a path is displayed in Fig.

2.1 Creating High-Quality Corridor Maps

An important impact on the quality of the paths is the quality of the corridor
map. In [7], we described an approach to create high-quality maps. The corridors
of the map were extracted from the Generalized Voronoi Diagram (GvD) [§].

Using the GVD as basis for the map has three main advantages. First, if a path
exists in the free space then it can always be found (because the GvD is a complete
representation of the free space). Second, a GvD includes all cycles present in
the environment. These cycles provide short global paths and alternative routes
which allow for variation in the characters’ routes. Third, corridors extracted
from the GvD have a maximum clearance. Such a corridor provides maximum
local flexibility.
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(a) Environment (b) Footprint and corridor map

Fig. 2. The City environment. While its geometry is three-dimensional, its footprint
(used for generating the corridor map) is only two-dimensional.

To keep the map small and to improve the running times in the query phase,
we sampled the corridors such that the coverage of the free space was still large
while the efficiency in the query phase was high.

As an example, consider Fig. 2l which shows our test environment. The city
measures 500x500 meter. Its geometry, displayed in Fig.[Z1] is composed of 220K
triangles. Using this number of triangles will lead to a low performance. Instead,
we used its footprint (2,122 triangles) to generate the corridor map, see Fig. 211
This took 0.64 seconds on a PC with a NVIDIA GeForce 8300 GTX graphics
card and an Intel Core2 Quad CPU (2.4 GHz) with 4 GB memory. (While this
processor has four CPU’s, our application, implemented in Visual ¢4+ and
run under Windows xP, used only one core.) The map comprised 1,434 ver-
tices, 1,606 edges and 25,863 samples (i.e. the total number of balls in all
corridors).

2.2 Fast Extraction of a Corridor

In [7], we elaborated on how to facilitate efficient extraction of corridors and
paths. We showed that the average extraction time for a corridor (excluding the
times for finding the shortest backbone path and connecting the query) was 0.87
ms in the City environment. (We took the average of 10,000 random corridors.)

We looked at two different algorithms for finding the shortest corridor en-
closing the query. Experiments showed that Dijkstra’s algorithm increased the
time by 138.2% while A* increased the time by only 11.5%. Then, we looked
at two different approaches for connecting a query to the corridor map. Using
linear search increased the time by 59.7% while using a search structure based
on a kd-tree only increased the time by 1.0%. In conclusion, by using A* and a
kd-tree, the average extraction time of a corridor was low, i.e. 1.19 ms.



Using the CMM for Path Planning for a Large Number of Characters 15

2.3 Fast Extraction of a Path

We wanted to know how fast we could compute a path. We extracted 10,000
paths in the City environment and recorded the average running time.
Experimental results showed that computing a path took 1.8 ms (including the
1.19 ms for computing a corridor). To view this result in the right perspective,
we defined the cpu-load. That is, the cpu-load is the total CPU time / averaged
traversed time * 100%. Since the averaged traversed time of a character (walking
at 1.2 m/s) was 260 seconds, the cpU-load is 0.00069%. Hence, the CMM can be
used for steering many characters simultaneously. This will be discussed further
in Section Bl and 6l

3 Path Variation

The original CMM can be easily extended to create high-quality alternative paths
that a character can follow within a corridor. This not only presents a more
challenging and less predictable opponent for the player, but also enhances the
realism of the gaming experience.

To generate slightly different paths every time the same path planning prob-
lem has to be solved, a random force (bias) is added to the attractive force F,,. A
coherent-noise function like Perlin Noise [9] can be used to control the direction
of the bias, ensuring that it will change smoothly at every step of the integration.

In our problem setting, Perlin Noise is implemented as a 2D function. The
current attraction point a(z) is given as an input and a direction for the bias is
computed which varies pseudo-randomly. Let 6 denotes this direction expressed
as an angle of rotation with respect to the current attractive vector, i.e. a(x)—x.
Then, the random force can be defined as:
alz) —x
Frand Crand R(e) Ha(m) — -TH )
where ¢,qnq is a small constant specifying the relative strength of the force, R(0)
represents the 2D rotation matrix and the angle 6 € [—m/2, +7/2].

The quality of the computed path is affected by the frequency of the noise
function. A too high frequency noise leads to the retrieval of unrealistic paths,
since the character will change its direction at almost every successive time
step. On the contrary, a low frequency results in smooth changes, generating
aesthetically pleasant paths like the ones depicted in Fig. Bl

As individuals usually show a preference for certain paths over others, deter-
ministic variations of paths are also necessary to simulate behaviors that have
been widely noted in the crowd and pedestrian literature.

For example, lanes can be formed on either side of the corridor by exert-
ing at every time step a force perpendicular to the attractive force, hence 6 €
{=m/2,+7/2}. A positive angle steers the character to the left of the backbone
path, whereas a negative one to the right. The perpendicular force is defined as:
alz) —x

Fperp = Cperp R(@)ma
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Fig. 3. Generating high-quality alternative paths using the cMM

where cperp = kw and k is a constant used to specify how close to the

boundary of the corridor the character moves.

We refer the reader to Fig. Bl for a graphical representation of the described
technique. Different left/right paths are computed by varying the value of the
constant k.

Another example, resulting in a more natural and visually interesting move-
ment, is to generate paths that either take tight or wide corners. In this approach
the direction of the backbone path is used to bias the character’s motion [I0].
The character looks intelligent, in the sense that it anticipates the direction of
the path it has to follow and starts to turn in advance. A convincing path is
computed as can be examined in Fig.

3.1 Results

We implemented the presented approaches to test their applicability in real-time
applications like computer games. Since the proposed methods can be computed
efficiently, which was experimentally confirmed in [I0], they influence the run-
ning time of the algorithm marginally. Consequently, alternative paths can be
computed in real-time.

Apart from the performance, we are also interested in the quality of the resulting
paths. Experiments in [I0] have indicated that our proposed techniques can suc-
cessfully generate alternative routes that are aesthetically pleasant to the observer.

The first method uses a noise function to generate slightly different paths in
response to a given query. As expected, the computed paths have almost the
same clearance and length as the smooth path computed by the original cMM.

The second method forms different lanes on either side of the extracted corri-
dor. Although the computed paths can get close to the boundary of the corridor,
they still keep a safe amount of clearance. In addition, no significant difference
in the length of the paths is observed.

In the third method the character takes shortcuts through the turns of the
backbone path, trying to avoid any unnecessary detour and minimize the time
needed to reach its goal. Thus, a shorter and more direct path is generated.
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In conclusion, our techniques extend the basic functionality of the cMM by cre-
ating in real-time high-quality alternative paths. Combined with existing agent-
based models the proposed methods lead to convincing characters that exhibit
human-like path planning as discussed below.

4 Obstacle Avoidance

When we are dealing with more than one character, we have to choose an ap-
propriate force such that characters evade each other naturally.

We use a part of Helbing and Molnar’s social force model for collisions avoid-
ance because their simulations have shown that it exhibits realistic crowd
behavior [1I]. The model describes three force functions which represent the
acceleration toward the desired velocity of motion, the behavior of characters
keeping a certain distance to other characters and borders, and attractive effects
among characters. The force F, described in Section ] captures the effect of
their acceleration force and the force keeping characters away from borders. As
collision avoidance force, F., we use the force described in equation (3) of their
paper. Unlike [I1], we do not model attractive effects among characters.

In the computation of force F., we have to find the set of neighbors for each
character. Since this operation is carried out many times, we have to revert to
an efficient data structure for answering nearest neighbors queries. We maintain
a 2D grid storing the locations of all characters (with radius r). Each cell in the
grid stores a sorted set of character id’s. Preliminary experiments have shown
that the cell size ¢ can be chosen fairly small, e.g. ¢ = 3 + 2r meter, to obtain
realistic collision avoidance. By including the term 27, we only have to check 3 by
3 cells for carrying out a nearest neighbors query. Also, an update corresponding
to a changed position of a character is efficient since we use a set.

5 Crowd Simulation

Real-time crowd simulation has gained much attention recently [11}12]13,[14].
It requires the modeling of group behavior, pedestrian dynamics, path planning
and graphical rendering [I3]. We focus on the path planning part.

We model two types of behavior for the characters, i.e. goal-oriented and
wandering behavior. In Section [B.1] we discuss how to model a crowd in which
each character has its own (long term) goal. Next, we elaborate on wandering
behavior in Section which comprises making decisions more locally.

5.1 Goal Oriented Behavior

Goal oriented behavior can be achieved easily by assigning each character a
random start and goal position. These positions will fix a corridor. When a
character has reached its goal, a new goal will be chosen, ad infinitum.

If we only used force F, to guide characters toward their goals (and force
F. to avoid each other), they would have the tendency to clutter up around
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Fig. 4. The relation between the number of characters in the crowd simulation and the
CPU-load

their backbone paths. To enforce a nice spread (and path variation) inside the
corridors, we add the force F,.,, biasing a character to the right with respect
to its desired direction.

The simulation consists of some user defined number of iterations. For each
character, the task per iteration includes computing the forces, integrating the
final force F = F, + F. + Fperp, adding the new position of the character to its
path, and possibly choosing a new goal (and corresponding corridor).

Results. We integrated force F with Verlet integration with step size At = 0.1
and set the maximum speed to 1.2 m/s [15]. The cell size of the nearest neighbor
grid was set to ¢ = 3 + 2r = 3.5 meter. In the experiments, we measured the
CcPU-load for a varying number of characters. When the cpU-load was at most
100%, we considered the performance as real-time.

We simulated crowds in the City Environment from Fig. 2] with a varying
number of characters (with a radius of 25 cm, i.e. r = 0.25). Fig. Ml shows the
performance of our application for crowds with up to 10,000 characters. The
figure makes clear that approximately 10,000 characters can be simulated in
real-time. In addition, the performance does not degrade significantly when the
environment becomes rather crowded. We conclude that the cMM can be used
for real-time path planning with many characters.

5.2 Wandering Behavior

Rather than using the corridor map to plan paths for each of the characters in
the crowd, there is also an alternative approach in which the characters simply
wander around. The idea is as follows. As before, for a character at position
x there is an attraction point «(z). This attraction point lies on some edge €
of the graph and we assume that we have decided on a direction along which
the attraction point will move along € toward a vertex v. We compute forces
as before and move the character accordingly. Next, we update the attraction
point by moving it further along e toward v. If the attraction point reaches v,
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we randomly pick one of the outgoing edges €' of vertex v, unequal to edge e,
and continue moving the attraction point along edge €. So the attraction point
will follow some random walk through the graph and the character follows the
attraction point.

There is one complication. When v is a dead end in the graph, that is, it has
only edge € as an outgoing edge, the attraction point must move backwards along
the same edge. However, because of the way attraction points are defined (i.e.
the furthest point for which z still lies in the clearance disk) the result is that the
attraction point jumps far back along the edge, and, hence, the characters will
not even get close to vertex v, leaving part of the dead end in the environment
void of characters. To remedy this we make a distinction between short dead
ends and long dead ends. We recursively remove short edges that represent dead
ends. For long dead ends we create some invisible obstacle at the end vertex v
and create a corridor around it. As a result, characters will move till the end
of the dead end, move around the invisible obstacle, and return again along
the edge.

The method is very fast because no searches in the graph are required. Pre-
liminary experiments show, in particular when combined with lane formation as
described in Section [, that the approach leads to natural wandering behavior.
We can extend the method by giving certain edges preference over other edges
and choosing the random continuation edge ¢’ taking these preferences into ac-
count. The method can also be combined easily with other characters that do
have goal oriented behavior.

6 Coherent Groups

A virtual environment, such as a city, is usually populated with many characters
which often operate in groups. Take for example a guided tour through the city.
Here, each group member needs to stay in close proximity to other members
while moving from one location in the city to another. The cMM enables us to
plan such paths very efficiently [16].

For a coherent group of characters, the distances between the characters need
to be limited. This can be achieved in two directions, i.e. the lateral and lon-
gitudinal direction. The lateral direction is the direction perpendicular to the
direction of movement, i.e. the direction of the backbone path. The longitudinal
direction is the direction along the backbone path. We refer to the separation
of the characters in the lateral and longitudinal directions as the lateral disper-
sion and the longitudinal dispersion, respectively. Please note, if the dispersion
increases, the coherence decreases.

By using the ¢cMM to create a corridor for the group, the lateral coherence is
bounded, namely by the radius R[t] of the clearance balls on every point on the
backbone path. Since no character can leave the corridor, the maximum lateral
distance between any two characters is limited by the maximum radius of all
clearance balls along the backbone path. However, this maximum radius might
be too large. Therefore, we introduce a constant g,, that represents the maximum
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width of the coherence group. Using this constant we adapt the corridor B to
B* = (B[t], max{R[t], gu})-

The longitudinal dispersion can be bounded in a different manner. Let us
introduce another constant, g4, called the group area, which represents the area
in the corridor that the group is allowed to occupy. The group area is defined as
the union of clearance balls from a start point to an end point on the backbone
path. The start point is defined as the center of the furthest advanced ball
in which the least advanced character is enclosed. The end point is defined as
the center of the least advanced ball in which the furthest advanced character
is enclosed. Now, we define the minimum attraction point, q;,;n, as the least
advanced attraction point of all attraction points, a(x;), of the characters in the
group. By definition, this is the start point of the group area. The maximum
allowed attraction point, aun.:, is defined as the point on the backbone path
such that the union of balls from qy,;n t0 Qunas is exactly g4. If an attraction
point «(x) for any character is further advanced on the backbone path than the
maximum attraction point @4, the maximum attraction point is used as the
attraction point of the character. Consequently, characters that are in front of
the group will be attracted backward, making them wait for the rest.

By varying the two parameters, g, and ga, we can influence the behavior
of the group. That is, high values result in a weak coherent group while small
values result in a strong coherent group. Please note that the area should not
be chosen too small, otherwise the characters will not fit inside this area.

6.1 Results

We generated several paths for a group of 50 characters with varying degrees of
coherence. The first series of paths were created with a large value for both g,
and g4 (gw = 30, ga = 1000). A snapshot of the paths is depicted in Fig.

" '\ ‘J
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(a) Three snapshots of the (b) A single snapshot of (c) Three snapshots of the

group at different stages on
the paths. The width of the
corridor is g, = 30, the
group area is g4 = 1000

the group. The width of
the corridor is g, = 3, the
group area is ga = 1000

group at different stages on
the paths. The width of the
corridor is g, = 3, the
group area is g4 = 60

Fig. 5. The effect on different lateral and longitudinal dispersions on 50 characters
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This results in a weak coherent group, where the characters are scattered over
the whole corridor. By decreasing the width of the corridor (g, = 3, ga =
1000) the group becomes more coherent in the lateral direction, see Fig. [5(b)|
However, the longitudinal coherence is weak. By also decreasing the area of the
group (gw = 3, ga = 60) the group becomes more coherent in both directions,

see Fig.

7 Conclusions and Future Work

In this paper we have described how the recently introduced Corridor Map
Method (cMM) can be used to plan the motions of thousands of characters
in a virtual world in real-time. We considered crowds of wandering characters
without clear goals, characters with individual goals, and groups of characters.

The advantage of using the ¢MM is that it is fast, it is flexible, and it pro-
duces natural paths. Because of the flexibility it is easy to introduce additional
constraints on the paths of the characters. For example, we can incorporate all
three types of motions simultaneously. Also, we can add additional static or
dynamic obstacles that must be avoided. In addition, we can incorporate per-
sonal preferences on the motions of the characters, for example to improve the
animations.

Currently, we are investigating how we can incorporate influence regions in the
environment. Such regions can either be dangerous places the characters prefer
to avoid or nice places that they prefer to visit. Also we work on techniques
to improve the way the characters avoid each other by extending the Helbing
model. And finally, we are experimentally validating the model and approach by
observing real people using cameras and motion capture equipment. We expect
this to lead to even more natural character motions.
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Abstract. We survey some of our recent work on real-time path
planning and navigation of multiple autonomous agents in dynamic en-
vironments. The driving application of our work are real-time crowd
simulation for computer games, virtual environments, and avatar-based
online 3D social networks. We also present extensions to these meth-
ods for accelerating the overall simulation and for modeling more com-
plex behaviors. Finally, we present some preliminary results from our
simulations.

Keywords: Velocity Obstacles, Agent-based Simulation, Roadmaps.

1 Introduction

Modeling of crowds, multiple agents and swarm-like behaviors has been widely
studied in computer graphics, robotics, architecture, physics, psychology, social
sciences, and civil and traffic engineering. Swarms and crowds, ubiquitous in
the real world from groups of humans to schools of fish, are vital phenomena
to understand and model. In this paper, we address the problems of collision-
free path computation for multiple independent agents moving in a dynamic
complex game environment and a closely related problem of local navigation
among multiple moving agents.

Agent-based techniques focus on modeling individual behaviors and intents.
They offer many attractive benefits, as they often result in more realistic and
detailed simulations. However, individuals constantly adjust their behavior ac-
cording to dynamic factors (e.g. another approaching individual) in the environ-
ment. Therefore, one of the key challenges in a large-scale agent-based simulation
is global collision-free path planning for each virtual agent. The path planning
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problem can become very challenging for real-time applications with a large
group of moving agents, as each is a dynamic obstacle for others. Moreover,
there may be other dynamic obstacles in the scene, and the underlying applica-
tions cannot make any assumptions about their motion. Many prior techniques
are either restricted to static environments, or only perform local collision avoid-
ance computations, or may not scale to complex environments with hundreds
of agents. The use of solely local methods can result in unnatural behavior or
“getting stuck” in local minima. As a result, it is important to combine them
with global methods in order to guarantee path convergence for each agent.
These problems tend to be more challenging in a dynamically changing scene
with multiple moving virtual agents.

We present several complementary approaches for path planning and nav-
igation of multiple virtual agents in a dynamic environment. These methods
can be applied to interactive crowd simulation and coordination of multiple au-
tonomous agents in computer games. These include (a) Multi-agent Navigation
Graph (MaNG) [37]; (b) Adaptive Elastic ROadmaps (AERO) [38]; and (c) nav-
igation using Reciprocal Velocity Obstacles (RVO) [44]. Each of these methods
are suitable for various environments of different characteristics. We also demon-
strate how these algorithms can be accelerated by “Pedestrian Levels of Detail”
(PLODs) and extended to capture complex human behaviors using “Composite
Agents” (CA).

2 Related Work

In this section, we give a brief overview of prior work in this area.

Multiple Moving Entities: The problem of motion planning among multiple
agents moving simultaneously in an environment is challenging because of the
addition of the number of degrees of freedom which becomes large. The problem
was proved to be intractable [I§]. It is a specific case of the general time-varying
motion planning problem. Two key approaches are known to address this prob-
lem: centralized and decoupled planning.

The centralized approaches [I7I18] consider the sum of all the robots as a single
one. For that, configuration spaces of individual robots are combined (using
Cartesian product) in a composite one, in which a solution is searched. As the
dimension of the composite space grows with the number of degrees of freedom
added by each entity, the problem complexity becomes prohibitively high.

Contrarily, the decoupled planners proceed in a distributed manner and co-
ordination is often handled by exploring a coordination space, which represents
the parameters along each specific robot path. Decoupled approaches [3445]
are much faster than centralized methods, but may not be able to guarantee
completeness.

Dynamic Environments: Evolving elements significantly increase the dif-
ficulty of the motion planning problem. In fact, motion planning for a sin-
gle disc with bounded velocity among rotating obstacles is PSPACE-hard [I8].
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However, there have been many attempts to provide practical methods to cope
with changing environments. For example, Stentz et al. proposed the D* deter-
ministic planning algorithm to repair previous solutions instead of re-planning
from scratch [I535].

There are two main approaches for adapting randomized planners to dynamic
environments [I0[19]. The first one includes both PRMs and RRTs that reuse
previously computed information to aid in finding a new path [BITTIT2I20]. The
second integrates obstacle motion directly into the planning process. Some vari-
ations plan directly in a C-space augmented with a time parameter [28].

Rather than changing the roadmap, other work on dynamic environments has
focused on adjusting or modifying the path. Potential field planners use gradient
descent to move toward a goal, at a potential sink [I4]. Building on these ideas,
several variation of dynamic changing or elastic roadmaps have been proposed
[829146].

Agent Simulation and Crowd Dynamics: Modeling of collective behav-
iors has been heavily studied in many fields [9T3I23/3236]. Simulation of mul-
tiple avatars agents and crowds have also been well studied in graphics and
VR [T/3003341/42]. They differ based on problem decomposition (discrete vs
continuous), stochastic vs deterministic, etc.

Numerous approaches have been proposed using variants of agent-based meth-
ods, rule-based techniques, and social force models [422124/2512631I39/43]. They
focus mainly on local planning of agents, and can exhibit emergent behav-
iors. Global methods using path planning algorithms have also been suggested
[2061T6I27I33140], but are mostly limited to static environments. More recently al-
gorithms have been proposed to extend the roadmap-based methods to dynamic
environments and multiple agents [7IS2T27/47] in relatively simple environments
with only a few entities. Hybrid methods that treat each agent as a particle in
a dynamical system combined with high-level planning can lead to instability
in the simulation or entrapment at local minima in the energy potential (See
examples discussed in [42]).

3 Multi-agent Navigation Graphs

We introduce a new data structure called “multi-agent navigation graph” or
MaNG and compute it efficiently using GPU-accelerated discrete Voronoi dia-
grams. Voronoi diagrams have been widely used for path planning computations
in static environments and we extend these approaches to dynamic environ-
ments. Voronoi diagrams encode the connectivity of the free space and provide
a path of maximal clearance for an agent from other obstacles. In order to use
them for multiple moving agents in a dynamic scene, prior approaches compute
the Voronoi diagram for each agent separately, treating the other agents and the
environment as obstacles. This approach can become very costly for large num-
ber of virtual agents. Instead, we compute the second order Voronoi diagram
of all the obstacles and agents, and show that the second order Voronoi dia-
gram provides pairwise proximity information for all the agents simultaneously.
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Therefore, we combine the first and second order Voronoi graphs to compute a
single MaNG which provides global path planning of multiple virtual agents.

We describe novel algorithm for computing the first and second order di-
agrams of agents and obstacles using graphics hardware. In practice, our ap-
proach can handle environments with few hundred agents and obstacles in real
time. We make no assumption on the motion, and the computed path lies along
the Voronoi boundary, i.e. farthest from the obstacles. We also observe many
interesting and emergent behaviors based on our method [37].

4 Heterogeneous Crowd Simulations Using AERO

We present a new algorithm for real-time simulation of large-scale heterogeneous
crowds in complex dynamic environments. In his pioneering work, Gustave Le
Bon [3] defined a heterogeneous crowd as consisting of many dissimilar types
of groups, each with potentially independent behavior characteristics and goals.
Examples include large exposition halls, wide festival arenas, busy urban street
scenes, etc. Real-time simulation of heterogeneous crowds is highly challenging
because pedestrian dynamics exhibits a rich variety of both independent and
collective effects, such as lane formations, oscillations at bottlenecks, chemotaxis
and panic effects.

Our approach is based on a novel concept called “Adaptive Elastic ROadmaps”
(AERO) [38]. It is a connectivity graph structure that is lazily computed using
a generalized crowd dynamics model. Specifically, we use a reactive roadmap
computation algorithm [8] that updates the links of the roadmap graphs using
a particle-based dynamics simulator. This algorithm includes path modification,
addition and deletion of links, as well as multiple lane formations around each
link. Our dynamics model simultaneously captures macroscopic mutual inter-
action among multiple moving groups and microscopic local forces among indi-
vidual pedestrians or agents. We use AERO to perform dynamic, global path
planning based on this force model. This approach has been successfully demon-
strated in complex urban scenes, trade-shows as well as terrain scenarios with
multiple moving vehicles.

5 Navigation Using Reciprocal Velocity Obstacles

We also present another technique for local navigation. Our approach is de-
composed into two levels. The higher-level deals with the global path planning
towards the goal using a precomputed roadmap [18], and the lower-level ad-
dresses local collision avoidance and navigation using Reciprocal Velocity Ob-
stacles (RVO) [44]. We assume that the other agents are dynamic obstacles
whose future motions are predicted as linear extrapolations of their current ve-
locities. RVO provides a principle to select a velocity for agent A; and implicitly
assumes that the other agents A; use similar collision avoidance reasoning. Infor-
mally speaking, this means that agent A; does only half of the effort to avoid a



Real-Time Path Planning and Navigation 27

collision with agent A;, and assumes that the other agent will take care of the
other half.

The Reciprocal Velocity Obstacle RV O’ (v, v;) of agent A; to agent A; is
defined as the set consisting of all those velocities v; for A; that will result in
a collision at some moment in time with agent A;, if agent A; chooses a veloc-
ity in its Reciprocal Velocity Obstacle as well. n other words, if A; chooses its
velocity outside the Reciprocal Velocity Obstacle, A; is guaranteed to avoid col-
lisions with agent A;, provided that A; applies the same navigation algorithm,
and chooses a new velocity outside its Reciprocal Velocity Obstacle. As there are
multiple agents around, each agent computes its Reciprocal Velocity Obstacle as
the union of the Reciprocal Velocity Obstacles corresponding to the individual
agents, and selects a velocity outside this union to avoid collisions. Also, the Re-
ciprocal Velocity Obstacle method is guaranteed to avoid oscillatory behavior of
the agents. This basic algorithmic framework can also incorporate kinodynamic
constraints, orientation, and visibility regions of each agents, etc.

6 Extensions

In this section, we present techniques to extend these methods for capturing
more complex behaviors and accelerate the overall simulations.

6.1 Modeling Complex Behaviors

We introduce the notion of composite agents to effectively model different avatar
behaviors for agent-based crowd simulation. Each composite agent consists of a
basic agent that is associated with one or more prory agents. A proxy agent
possesses the same kind of external properties as an agent, i.e. if every agent’s
external property consists of the velocity, then the proxy agent must have its
own velocity as well. The values of these external properties, can be different,
e.g. the proxy can possesses a velocity that is different from anyone else. The
external properties of a proxy P; is denoted as ;. The internal state ¢; of a
proxy agent, however, need not be the same set of properties of the basic agent.
We also define that P; has access to the internal state ¢; of its parent A;. We
denote the set of all proxy agents being simulated as Prozies = |J; proxy(A;)

This formulation allows an agent with given physical properties to exercise its
influence over other agents and the environment. Composite agents can be added
to most agent-based simulation systems and used to model emergent behaviors
among individuals. These behaviors include aggression, impatience, intimidation,
leadership, trailblazing and approach-avoidance conflict, etc. in complex scenes.
In practice, there is negligible overhead of introducing composite agents in the
simulation.

6.2 Accelerating Simulations

We can accelerate crowd simulation by using “Pedestrian Levels of Detail”
(PLODs). PLODs is a new hierarchical data structure based on Kd-tree



28 M.C. Lin et al.

Fig. 2. Real-time heterogeneous crowd simulation using AERO

selectively and dynamically computed. It is used to adaptively cluster agents
to accelerate large-scale simulation of heterogeneous crowds. Our formulation
is based on the observation and empirical validation in traffic engineering that
crowds exhibit self-organization in pedestrian flows. Depending on their dynamic
states (e.g. walking speed, heading directions), spatial proximity, and behavior
characteristics, agents in heterogeneous crowds are adaptively grouped and sub-
divided into PLODs, thus reducing the overall computation of heterogeneous
crowd simulation.

7 Results

We demonstrate our approaches on several complex indoor and outdoor scenar-
ios. In the first scenario, we show that we can compute MaNG for real-time path
planning of 100 — 200 agents in real time (approx. 10 fps) in a small town en-
vironment (see Fig.[). In the second scenario shown in Fig. 2] we illustrate the



Real-Time Path Planning and Navigation 29

Fig. 3. Real-time Navigation using RVO. 250 agents form the word ‘I3D 2008’ on
the field after entering the stadium; congestion develops near the stadium entrances.

performance of our real-time heterogeneous crowd simulation using AERO on
a exhibition Hall scene, consisting of 1,000 pedestrians and 500 booths. Fig. Bl
shows pedestrians crossing a street at four corners of crosswalks, demonstrating
“lane formation” that naturally emerges using RVO. Fig. 4 demonstrates a va-
riety of behaviors generated using our novel framework of Composite Agents on
top of any agent-based simulation.

Each one of these methods have its advantages and limitations. The choice
of methods depends to some degree on the complexity of the simulation envi-
ronments, the density of agents and their physical interactions, the diversity of
their behaviors, etc.

Fig. 4. Modeling of Complex Behaviors. Top row depicts an emergency evacuation
in an office building. The agents in red are aggressive agents. They are able to carve
their own way through the crowd and exit more quickly than the others. The bottom
row simulates a crowd of protesters outside an embassy. Two files of policemen clear the
protesters off the road. Notice that when forcing their way into the crowd, even if the
actual gap between the individual policemen is enough for a protest or to pass through,
the perceived continuity of authority prevents the protesters from breaking the barricade.
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8 Discussion

Among these methods, MaNG is better suited for a smaller scene with hundreds
of autonomous agents running on a desktop PC with a top-of-the-line GPU.
MaNG works well for all types of environments, including open outdoor terrains.

AERO runs at interactive rates for an environment with upto thousands of
agents. Some performance gain can be achieved by further exploiting GPUs to
compute the interaction forces among agents. AERO currently uses a physics-
based social force model. However, a more geometric, velocity-based local nav-
igation method, such as RVO, can be used instead. AERO performs very well
for structured urban scenes and modestly well for open landscapes; while the
accompanying acceleration method, PLOD, achieves most gain on structured
landscapes.

Our current planner that uses RVO as a low-level collision avoidance module is
built upon a static, precomputed roadmap. This planning algorithm works best
for structured environments. The algorithm scales well as the number of cores
increases, thus highly parallelizable to run on many-core architectures, similarly
for composite agents.
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Abstract. We describe a method for populating large virtual environ-
ments with crowds of virtual pedestrians. Pedestrians are distributed
in the environment by giving them goal destinations to reach. In order
to facilitate this population setup, we assign identical destinations to
batch of pedestrians, resulting in navigation flows. In order to preserve
individuality of pedestrians, navigation is planned with variety and each
pedestrians follows its own unique trajectory. This specific navigation
planning technique answers user’s queries very rapidly. As a result, im-
pact of the insertion of a new navigation flow in the environment is
directly observable, and interactive design is achieved. Once the problem
of design solved, we address the problem of simulating the virtual pop-
ulation navigation. A level-of-details strategy is used to achieve on-line
real-time simulation of large crowds, formed by up to tens of thousands
of pedestrians. We illustrate our method on the typical example of a
virtual city, and discuss our approach.

1 Introduction

1.1 Motivations

Many video games action take place in large virtual environments such as build-
ings, districts, entire cities or outer landscape. Players and virtual opponents are
present in these environments, however, if the environment remains only popu-
lated with players, real or virtual, the scene may still look empty. Scene liveliness
can be improved by filling up the place with a population of virtual inhabitants.
A large number of them may be required to achieve this goal, even more when
scenes are large. As a result, some aspects of this problem are close to the one of
crowd simulation. However, video games applications have specific needs: among
them, the need for a eye-believable population simulation (that can be opposed
to the need for realistic results, and that also eliminate some classes of crowd
simulation techniques such as cell-automata); the need for interactivity between
the player and the population, which induces the need for on-line simulation; and
finally, the need for giving control on the population activity to game designers.

Our objective is to provide tools for creating and animating large virtual
populations, in order to make large environments alive. Some questions need
addressing: how to setup a crowd and get control on its activity? how to simulate
efficiently a crowd on the performances point of view? In the next section, we
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give a very brief overview of existing techniques for crowd design, visualization,
simulation and motion planning. However, in this article, we will specifically
focus on populations of pedestrians with behavior restricted to navigation. We
will give key-ideas for designing large navigating crowds from simple and few
high-level directives, and describe a crowd simulator exploiting a level-of-details
strategy in order to reach high performances.

1.2 Related Work

Crowd Visualization and Design. Crowd Visualization is a specific problem with
various solutions [I], [2], [3]. Briefly, these solutions rely on two major concepts.
The first one is the level-of-details concept which consists in representing entities
on the screen with a varying complexity, depending on its visibility and distance
to the spectator’s point of view; the more the entity is viewable (close and cen-
tered in the screen), the more its representation is accurate, and inversely. The
second one is the use of impostors. Impostors are 2D images of entities which are
used in place of 3D models when displaying the entity on the screen, allowing
important computation time saves. It is possible to use such simple represen-
tations while preserving variety for visual aspect of individuals. CrowdBrush is
a user-friendly tool for Crowd Design [4]. This tool is mainly dedicated to give
visual aspects to many individuals in an easy manner, but also allows the distri-
bution in space of the crowd and the definition of the inhabitants activity. Using
CrowdBrush, goal destinations can be assigned to individuals, however, the user
is in charge of providing a collision free path. Compared to this useful tool, we
provide a solution to compute automatically collision-free paths for batches of
pedestrians.

Crowd Simulation. Simulating crowds first consists in computing trajectories
for several entities while taking into account their interactions and presence of
obstacles in the environment. We briefly present 3 general methods to address
crowd simulation among others: rule-based systems, particle systems and cell-
automaton methods. Reynolds’ rule-based model is a popular approach, allowing
to compute motions for coherent groups [5]. Each entity’s motion is influenced
by other entities in its vicinity resulting in a global motion that can be compared
to flock of birds or fishes. Reynolds declined later his approach in [6] to propose
a complete set of steering behaviors such as seeking, fleeing, pursuing, etc. Using
Particles Systems is another popular manner to simulate crowds [7], interactions
between particles may be modeled by forces such as in [§], or by using potential
fields [9]. Finally cell-automaton techniques relies on a floor-field structure, a
regular discretization of the navigable space looking like a grid. Each cell of this
floor field may be occupied or free. Each time-step, the content of occupied cells
has a probability to be transferred toward a neighbor cell, modeling people’s
motion.

Crowd Control. We intend to populate environments with crowds of pedestrians
with goal-directed navigation; this problem is thus reduced to a navigation plan-
ning problem. An exhaustive description of existing motion planning algorithms
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can be found in [I0]. Briefly, three major classes of solutions can be distinguished.
Firsts are reactive methods: the key-principle of these techniques is to model
goals as attractive and obstacles as repulsive potentials [I1]; the moving entity
follows the gradient of the resulting potential field in order to reach its goal. This
kind of techniques suffers some local minimum deadlocks, however, they are sim-
ple to implement and practical to use. Sampling-based motion planning is the
second major class of approaches. These methods explore partially the naviga-
ble space in order to capture interconnected collision-free positions and paths
into a graph structure (commonly called a roadmap). The well-known PRM
(Probabilistic Roadmaps Methods, [12]) and RRT (Rapidly-Exploring Random
Tree [I3]) methods explore the free space in a random manner. A the oppo-
site, deterministic approaches are based on a complete exploration of the free
space, however, they can use discrete representation or complete representation
of this space, resulting respectively in partial or complete solutions. Determin-
istic approaches result in a data structure, generally a graph, capturing both
the geometry and the topology of the free environment. Navigation planning
queries are solved using graph search algorithms. Deterministic approaches were
recently used to adress the crowd navigation problem in [14].

1.3 Overview

Our approach allows a designer to populate a scene by adding progressively
navigation flows in the environment. Navigation flows are subsets of pedestrians
navigating back and forth endlessly between two given locations. The designer
controls the distribution of the population in the environment only by selecting
these destinations, and the pedestrians groups size (i.e., the number of individ-
uals composing the group). By answering very rapidly designers’ queries, they
can immediately see the impact of the insertion of a new navigation flow, and
compose a population by trial and error. There is no theoretical limitation on
the number of flows, as the simulation complexity is mainly dependent on the
total number of pedestrians composing the whole population.
These objectives are reached by combining 3 major ingredients:

1. Navigation Graphs: they result from a specific environment analysis which is
similar to a cell-decomposition technique. Navigation Graphs are computed
at a preprocessing stage, and support future navigation planning queries.

2. Nawvigation Flows: as defined above, they are sets of navigating pedestrians
with common destinations. However, we want to preserve individuality in
trajectories followed by each pedestrian. For this reason, we developed a
specific navigation planning technique which computes a variety of solution
paths. Doing so, from a unique navigation planning query, we can generate
a variety of solution paths.

3. Crowd Simulator: it exploits a Level-of-Detail strategy, which allows to dis-
patch the available computation resources at the best. As for crowd visual-
ization techniques, the key-idea is to get high-quality simulation in front of
the user’s point of view whereas the quality is progressively lowered in far
and invisible areas.
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Next sections detail each of these three ingredients. We demonstrate the effi-
ciency of our approach in the Results section.

2 Navigation Graphs

Navigation Graphs (NG) is a graph structure capturing the topology and the
geometry of the navigable space of a given environment. Navigable space is the
flat part of an environment (flat enough to allow human walk, according to a
user-defined threshold slope) free of any obstacle.

A NG vertex captures a portion of the navigable space with a vertical cylin-
drical shape, high enough to include a human (typical height is 2 meters). A N'G
edge models a connection between two navigable cylinders, meaning they have a
common portion of navigable space. Geometrically, passages between navigable
cylinders are rectangular gates (with size as great as possible) included in the
intersection of the two connected cylinders.

An example of Navigation Graph is displayed in Fig. [l for a simple 2-D envi-
ronment: obstacles are the blue regions of the figure, while the navigable area is
left blank. The Voronoi diagram of the navigable area is displayed as well. NG
vertices are represented as green circles centered on the Voronoi diagram. Edges
are represented as red gates between overlapping vertices.

NG are computed automatically from the environment geometry and few
user-defined parameters, as described in [I5], in 5 successive steps:

1. environment geometry sampling: we create a regular grid of points matching
the environment surfaces. As multi-layered environments may be considered,
a simple elevation is insufficient since several elevations may correspond to
given horizontal coordinates.

2. grid mesh: two neighboring grid points are interconnected when the slope of
the in-between space is beneath the user-defined maximum slope angle and
free of obstacle. With this stage, we provide a mesh capturing the navigable
space in a discrete manner.

3. clearance map: we compute the clearance for each grid point, i.e. the distance
to the nearest obstacle or high-slope. Given the the grid mesh computation

O Navigable area location 1 W’ -Ji

[J Obstacle /
| Voronoi Diagram
O Navigation Graph Vertices

| Navigation Graph Edges location 2

Fig. 1. Left Image: 2-D representation of a Navigation Graph. Right Image: Result of
a Navigation Flow query: 3 Navigation Paths are found, each being a sequence of gates
delimiting a corridor joining the 2 locations given as input of the query.
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method, this distance is approximated by the distance to the nearest grid
point not connected to all of its direct neighbors. Indeed, The lack of con-
nection reveals the presence of an obstacle or a high-slope.

4. NG deduction: we then use a subset of grid points to compute the NG
vertices. A graph vertex (cylinder) is created from a grid point by using
it as centre and its corresponding clearance as radius. The grid point with
maximum clearance is selected to create the graph vertex and all the grid
points covered by the vertex are disabled for selection. The process is then
reiterated until no more grid points remain for selection. Doing so, a major-
ity of cylinders are centered on the Voronoi diagram corresponding to the
environment,.

5. wisibility pre-computation: for each N'G vertex, we compute the visibility of
all other vertices according to the four main cardinal points. We can then
use this information for visibility queries between moving entities.

On one hand, the use of an intermediate grid during computation makes the solu-
tion incomplete: navigable space is partially captured. But on the other hand, this
discretization makes our method robust to complex and various environments.

3 Navigation Flows

A designer populates a virtual scene by creating as many Navigation Flows as
desired. A Navigation Flow is a subset of pedestrians navigating endlessly be-
tween two locations of the environment. By choosing the number of pedestrians
composing the flow as well as the locations to be joined, the designer is able
to control the dispatching pedestrians in the scene. For example, the distribu-
tion of pedestrians into a virtual city is done according to the importance of
some specific centers of interest, such as public buildings in a virtual city, shops,
attractions, etc.

Collision free paths joining two locations can be computed easily using navi-
gation graphs by simple graph search algorithms, such as A* or Dijkstra’s. The
search results in a Navigation Path. A solution path is composed by a sequence
of connected edges to follow, i.e., a sequence of rectangular passages to cross.
This sequence of passages delimits a solution corridor joining the two desired lo-
cations. The width of this corridor allow to: dispatch people, individualize their
trajectories and let them avoid each other.

The individualization of navigation trajectories is important in order to pre-
serve the believability of the obtained crowd motion. Indeed, if all pedestrians
follow exactly the same path when navigating, strange queue formations appear
as well as jams at some places in the scene with a negative impact on the resulting
crowd motion. Following this idea, a single Navigation Path is even insufficient
to drive a navigation flow. For that, we search for alternative paths that will
finally compose Navigation Flows: a second level of variety in trajectories is thus
obtained.

This search for alternative paths is illustrated in Fig. [l A navigation flow
is created between locations 1 and 2 as indicated on the right image of the
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figure. A first navigation path (the shortest) is found. As mentioned before, this
navigation path is geometrically similar to a corridor joining the two locations.
But, still in Fig. [0 one can see that paths 2 and 3 also compose the navigation
flow. These two alternative paths will allow pedestrians to join their destinations
passing by one side or another of obstacles in the environment.

The existence of several navigation paths in a navigation flow is useful when
jams appear during the simulation. The way pedestrians - belonging to an iden-
tical navigation flow - are dispatched inside a given solution path, and the way
they are dispatched among the alternative navigation path is detailed in next
Section. An extensive description of the Navigation Flows computation technique

is given in [16].

4 Scalable Pedestrian Simulation

Once a navigation flow is created, simulation starts. During simulation, pedes-
trians’ position is updated according to the path they are following and their
position relatively to spectator’s point of view. In this Section we describe:

1. How an individual trajectory is computed from the characteristics of the flow
they belong to?

2. How the position-update accuracy is tuned according to the centrality and
visibility of the corresponding pedestrian into the screen.

From Navigation Flow to Navigation Path. A pedestrian belonging to a naviga-
tion flow first chooses a navigation path among the available ones (i.e., one of
the corridor as displayed in Fig. [[l). This choice is made each time the pedes-
trian is at one of the extremity of the flow and have to go back (i.e., when at
location 1 going to location 2 or inversely in Fig. [Il). This choice is irrevocable

1000

100 LOS4 —— -
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Number of Frames per Second

0.1

100 1000 10000 100000
Number of Pedestrians

Fig. 2. Left Image: Distribution of different levels-of-details in scene. Most visible
pedestrians (red) avoid each other, whereas far pedestrians (green and blue) do
not avoid themselves and are updated at lower rates. Right plot: Performances ob-
tained for each Level of Simulation LoS according to the number of pedestrians.
LoS4, the most accurate, has quadratic complexity due to collision avoidance between
pedestrians.
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until he reaches his destination. Choice is based on the estimated travel time for
each path belonging to the flow. Estimation takes into account the total length
and density of population along the path, as described in [I7]. Using a velocity
/density statistical law v = f(density), we can estimate the required time for
crossing each area. By summing these crossing times, we compute the estimated
travel time for each path. For example, a path composed by n edges has a travel
time estimated t0: ETTpath = Yoo ETTeage, With ETTeage, = y=framtees.
The local densities of population are not varying rapidly, as a result, the esti-
mated travel times are updated at low frequencies. Finally, pedestrians choose
the path currently having the lowest estimated travel time.

From Navigation Path to Individual Path. The distribution of pedestrians follow-
ing a same navigation path is simply done according to an individual parameter
p. This individual parameters (ranging from 0 to 1) determines a tendency of
the pedestrian to walk on the left or the right of the followed corridor. More pre-
cisely, pedestrians follow way-points placed at each gate to cross. The position
of the way-point W P within the gate AB is done as follow: WP = A+ pAB.

Levels of Simulation. Main objective of the simulation is to get believable re-
sults with high performances. High performances can be obtained by applying a
strategy of levels-of-detail to the simulation. The principle is to focus the dedi-
cated computation resources where it is the most needed, i.e., in the most visible
parts of the environment. In areas at a far distance of the user point-of-view,
or in the invisible parts of the environment, the simulation can be progressively
simplified in order to save precious computation-time. Two major components
in simulations allow to diminish the complexity of the simulation:

1. update-rates: Updating each individual at each simulation step results in a
complexity which is linear with the number of simulated pedestrians. How-
ever, the spectator is able to see only a few part of pedestrians at a given
instant with respect to his field of vision and the presence of obstacles occlud-
ing parts of the environment. We first improve the simulation performances
by updating at high-frequencies positions of the most visible pedestrians
while the other ones benefit from less frequent updates.

2. reactive collision avoidance: reactive collision avoidance between pedestri-
ans moving in the same area is probably the most time consuming task in
the simulation, with quadratic complexity. Collisions between pedestrians is
required where the attention of the spectator is focused, however, elsewhere,
collisions are not checked. Note that pedestrians are already dispatched in
the environment using our specific Navigation Flow technique (both on sev-
eral paths and inside each navigation path). As a result, at far distances (and
obviously in invisible areas), the lack of collision-checks between pedestrians
is not easily detectable.

Figure [ illustrates our Level-of-Simulation (LOS) strategy. On the left im-
age, the distribution of LOS is displayed: most visible pedestrians are in red.
For them, collision avoidance is enabled and their situation is updated at each
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simulation step. Obtained performances are plotted on the right (LOS4 plot).
For pedestrians who are far from the user point of view, the collision avoidance
is first disabled (pedestrians in green on the left image, corresponding to LOS3
on the plot). Then, situation update rate is progressively lowered (LOS2, 1 and
0, pedestrians in blue in the image). In conclusion, Level-of-Simulations is a key
principle in order to focus available computation resources where they are the
most needed, and to improve drastically simulation performances: with low up-
date rates and no collision avoidance, 10 000 pedestrians can be simulated at
100Hz.

5 Example and Discussion

In order to illustrate our method, we consider the following example of a vir-
tual city displayed in Figure [3l This environment is large, 640 x 420 meters,
and composed by approximately 100’000 triangles. A Navigation Graph is com-
puted for this scene in 20 minutes approximately, composed by 5017 vertices and
8003 edges. Four visual output of the crowd simulation, we use the YAQ crowd
visualization system developed at EPFL-VRIab.

In order to populate this environment, 7 navigations flows are sufficient.
They join some main centers of interest into the city, such as an hotel, a train

Fig. 3. Top images: Views of a virtual city, with 8 centers of interests corresponding
to most important buildings (hotel, train station, church, circus, etc.). Bottom images:
Views of the virtual population generated by creating several navigation flows between
the centers of interest.
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station, a circus, the old center of the city, etc. Each of the 7 Navigation Flow is
composed by 5000 pedestrians, resulting in a virtual population made of 35’000
pedestrians. During Population Setup, each Navigation Flow is computed in less
than a second, and as the simulation and visualization runs during this stage, we
can evaluate immediately the impact of the insertion of new flows. Despite the
small number of flows to populate this scene, all the places of this environment
are occupied with pedestrians. This results from our specific dispatch method in
Navigation Flow computations.

6 Conclusion

We presented a Navigation Graph based approach for populating scenes with
crowds of pedestrians. The principle is to populate semi-automatically environ-
ments by planning the navigation of large crowds of pedestrians. Few high-level
directives allow to populate large scenes with numerous pedestrians. We pro-
posed efficient techniques in order to allow: first, interactive design of the pop-
ulation by answering quickly to user’s navigation queries, and second, on-line
simulation with real-time rates.

For efficient Navigation Planning, the key-idea is to search for varieties of
solution. This allow to derive solution paths in order to individualize pedestrians’
trajectories with no supplementary computation cost.

For efficient simulation of pedestrians, the key-idea is to use a level-of-details
strategy in order to maintain a high simulation quality where it is the most
needed, i.e., in front of the spectator, whereas the simulation quality is lowered
elsewhere.

Our method fits the video-games field, and is applicable to the problem of
populating large game scenes with large virtual population of pedestrians with
low computation costs and believable results.
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Abstract. In this paper, we propose a hierarchical approach to path
planning that scales well for large crowds. Crowds have become an im-
portant research field that presents challenges associated to the high
complexity of potential behaviors. In most related work crowds are de-
signed to follow global or local rules that infer intelligent navigation and
behavior. Path planning methods can be applied in simulation where it
is required to have an exact distribution of the crowd in the environ-
ment. However, the simulation is often created offline as path planning
algorithms do not scale well with large numbers of agents, if each is con-
sidered individually. Our approach provides reliable paths that can be
used for environment crowd distribution evaluations, and scales well with
a high number of agents to run at interactive from rates for up to a few
thousand agents.

1 Introduction

In the last ten years, crowds have become an important area of research. They
present challenges in rendering [TI2l3], animation, and simulation [4]. Recent
advances permit their use in the industry of entertainment (e.g., The lord of
the ring trilogy) and video games (e.g., Ubisoft’s Endwar), as well as emergency
simulations [5lJ6] or city planning [7I8]. It is often identified that crowds need to:

1. Navigate, that is go from one point to another within the environment,

2. Perform collision avoidance, by detecting collisions against the objects of

the environment and other agents,

React in function of the environment and the user with personalized actions,

4. Perform intelligent actions as part of the inherent animation characteristics
of virtual humans.

bt

In this paper we focus on the navigation part of individuals of a crowd. In most
papers crowd navigation is inferred from a set of local rules accessed temporarily
by the agents. This leads to realistic global navigation although agents are not
fixed with any final goals. If one agent is to be followed it will usually end up
strolling continuously in the environment. We propose a new hierarchical path
planning approach to allow agents to follow a long term goal. Our objective is
to provide a system for users who know where agents should go. For example,
when simulating a big city, there will be a proportion of tourists that would

A. Egges, A. Kamphuis, and M. Overmars (Eds.): MIG 2008, LNCS 5277, pp. 4350| 2008.
© Springer-Verlag Berlin Heidelberg 2008
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follow certain paths that would lead to most tourist attractions, while agents
representing residents would follow a path that would go from home to the
public transports and to their working place. If one knows the proportion and
distribution of the different possible goals, it is then possible to have a good
estimation of a plausible simulation.

In this paper we provide a path planning algorithm that runs at interactive
rates for up to a few thousands of agents. Typically such system could apply
to city or public building planning and emergency simulation to simulate the
average distribution in normal conditions and how long it would take to evacuate
an area.

In the rest of the paper we first review in section [2 related work on crowd
navigation and path planning algorithms while comparing them to our approach.
The hierarchical path planning algorithm is presented in section Bl Results are
presented in section @l before we conclude in section

2 Related Work

The work presented in this paper intersects with two different research areas:
path planning and crowd navigation. Although several papers on crowd simula-
tion already approach the navigation through some type of path planning, there
is usually a significant difference that can be found in the literature due to the
very different nature of the problem and the objectives to achieve.

Usually in path planning, one needs to find either a path or the optimal path.
Precision and accuracy are often a requirement. The initial problem when con-
sidering how to plan a route or path through an environment is addressing how
the environment is subdivided into manageable parts. A popular heuristic is the
building up of a road map (or visibility graph) in an unexplored environment
from the set of entire possible paths that a robot or agent can take; this prob-
abilistic road map (PRM) is suitable for simple environments. Knowing a road
map or graph, a depth-first search (DFS) algorithm can be used to find paths
through the environment. The DFS is so called because the algorithm explores
the connections of the most recently visited nodes before backtracking to pre-
vious nodes if and when unsuccessful. Djkstra and the a-star methods, focused
cases of the DFS algorithm, are more commonly used for finding shortest paths.
These algorithms are summarized in by Korf [9] in his survey of iterative search
algorithms. Korf also includes navigation using potential fields as a method of
guiding virtual agents. PRMs can be directly used for multi-agent path planning
in an environment, as demonstrated by Sung et al. [I0]. In this work they handle
complex constraints (time, collision, target goals) for agent-to-environment and
inter-agent interactions. Paths are calculated by solving a constraint-based mo-
tion graph for path segments merged and adjusted to meet common constraints.

Mamiya et al. [IT] use potential fields created by an emission of waves to steer
the agents that plot an optimal route through a potentially busy environment. A
limitation of this approach is that this is only used to steer agents towards short



Hierarchical Path Planning for Virtual Crowds 45

term goals, in their case gates at a railway station, and is primarily concerned
with navigating multiple agents in close proximity of many obstacles.

For crowd simulation, the agents that form the crowd need to find somehow
their way and answer to a certain distribution. The developed algorithms are
usually less accurate in the long term, answering often to short, local paths,
while scaling for a large number of queries. Most of the methods on crowd nav-
igation consider the trajectory of the agent moving through the environment or
interacting with other agents in congested areas. They often differ from the struc-
tures used to store and retrieve information. Often there is no global navigation
strategy such as for Kamphuis et al. [I2] which base the method on agents’ self-
organization to avoid congestion, Tecchia et al. [2] and Loscos et al. [13] which
base the navigation on local information, and Lerner et al. [I4] which propose
a navigation strategy learnt from video input. Longer term goals are taken in
consideration by Lamarche et al. [I5] for environment interaction, Wong et al.
[6] for emergency evacuation, and Michael et al. [7] for density distribution.

From the approaches described above, we can conclude that there is not yet
a method that can manage path planning scalable for multiple agents with dif-
ferent starting points and directions. In this paper, we propose a novel approach
to path planning that makes use of a graph structure while approximating path
calculations to directions. Our approach also differs in the sense that it is hier-
archical, and therefore can provide different levels of detail for the path decision
making algorithm.

3 Hierarchical Path Planning

3.1 Data Structures

The environment is represented by a set of data structures, all complementary.
We consider that a road map of a real or virtual environment is available. Such
a road map is illustrated in Fig.[Ii(a), in which the accessible areas are marked
in white. This can be taken for example from GIS data or a traffic map of a real
environment or an orthographic depth map of a rendered virtual environment
[16]. The road map of the environment helps to create a zone map. Each zone
represents a coherent area, which is either a junction or a portion of a road,
neighbor to another area. In addition, zones locally describe accessible areas in
the environment in order to indicate collision with the environment. An example
of a zone map is shown in Fig. [I(b).

From the road map of a real or virtual environment, we also extract a graph,
called the road graph for which the branches are the roads and the nodes are the
junctions. An example is shown in Fig.[I[(c). Assuming that the environment can
be represented as a 2D structure, we also create a subdivision of the environment
using a quad-tree, for which the highest level contains the entire environment
and the lowest is such that each cell contains at most x nodes of the road graph
(z chosen by the user).

A simplified graph, called hierarchical graph, is created such as, at each level
of the hierarchy, links are created between each cell of the quad-tree when they
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Fig.1. (a) Example of road map extracted from a city street map. (b) Zones shown
in different colors encoding the subdivided segments from the road map shown in (a).
(c) An example of a graph shown in a zoomed in area of (a).

Fig. 2. Illustration of different levels of hierarchy of a quad-tree applied on an environ-
ment as shown in dark green. On the left hand side is shown the highest level, while
the subsequent subdivision of the NE corner is shown on the right hand side. In light
blue is shown the new graph structure built from the quad-tree, with cells linked only
if there is at least one way to access directly one to another.

are directly accessible one to another. Such a hierarchical graph is illustrated in
Fig. 2l Two neighbor cells are linked through their center only if there is at least
one direct access through one road from one cell to another.

3.2 Decision Making

The strategy adopted by our approach is to refine the path selection when getting
closer to the goal. The algorithm proceeds as follows, for each agent and using
the same data structure for all, starting from the highest level of the hierarchy:

1. Identify to which quadrants belong the current position and the final goal of
the considered agent.
— Case 1. Both belong to the same leaf: go directly to step 6.
— Case 2. Both are in the same quadrant: subdivide and iterate from step 1.
— Case 3. They are in a different quadrant: go to step 2.
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Fig. 3. Illustration of the decision making at a certain level of the hierarchy, with the
sequence of events going from left to right. A path is chosen from the hierarchical graph
to access from the starting point to the goal (shown here with a flag). At each change
of zone, the agent checks for the overall direction to take by comparing its current
position with the next target node.

2. Compute the path from the hierarchical graph at the given level in the hier-
archy. Identify which node is the next logical node. This node must belong
to a quadrant different to the one where the current position is. Calculate
the direction between the centers of the current and target quadrant.

3. The direction calculated in step 2 is only indicative but helps adjusting a
more appropriate direction adapted to the road map that will lead the agent
from the current zone to the next one.

4. Navigate within the zone until a new zone or the final goal are reached. The
direction set in step 3 does not exactly follow the road map. Instead the
agent’s local moving direction is adjusted to follow each road segment in a
similar manner to [I3JI6]. In fact, any behavior strategy could be plugged in
at this point.

5. A new zone has been reached. If the final goal is reached, stop. If the agent is
still in the same quadrant, go to step 3. If the agent reaches a new quadrant,
then go to step 1 and iterate.

6. Once in a leaf of the quad-tree, apply a traditional path planner (we used
the Djkstra algorithm) from the current position to the final goal using the
road graph.

The decision making at one level of the hierarchy (steps 2-4) is illustrated
in Fig. Bl It is to be noted that the hierarchical graph helps agents calculating
directions with a rough knowledge of road connections without the need of going
down to the road graph structure. A simple distance-based direction calculation
to the final goal wouldn’t have worked as agents may have gone to an area not
connected to their final goal and with the need of getting back.

4 Results

4.1 Algorithm Efficiency

The hierarchical algorithm was subjected to tests on timing, memory use, path
accuracy and robustness on a test environment, that contained a variety of sharp
and obtuse turns for the agents to navigate through.
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Table 1. Timings in frame per second for the path planning only (no rendering), for
1 to 10,000 agents

Single agent (without GUT)

Number of Agents|Iterations per second
1 agent 42,629,344fps

50 agents 169,467fps

100 agents 62,5441fps

1,000 agents 6,696fps

10,000 agents 65fps

The algorithm was tested by running tests with increasing numbers of agents
from 1 to 10,000 using random starting positions and goals. In order to measure the
algorithm without the operating system diverting resources elsewhere, the tests
were performed without the graphic interface and without agents checking for col-
lision detection among themselves. However, collisions detection with the environ-
ment was conserved and included in the navigation strategy within the zones.

Timings results are shown in table [Il The time taken for all agents to reach
their goals was used for the results. A series of 25 tests was used for the single
agent and an average was taken. The table shows the algorithm to be robust with
a population over 5,000, while the frame rate indicate real-time refreshment for
up to the 10,000 agents tested.

One identified overload of our algorithm is that it requires to store several
graphs. The overall memory usage is dictated by N, the number of levels used
in the hierarchy, and since the structure is a quad-tree there are 3 possible
connections that have to be stored at each level. The overall memory cost is

. N N 14N 4N
given by: >, 4" = = = S5

4.2 Comparison with the a-Star Algorithm

The algorithm was compared with an a-star algorithm by choosing 25 random
starting positions and goals. The simulation was run using both algorithms on
each of the 25 paths using a single agent. The time taken to complete each run
along with the number of iterations that were required to reach the goal was
recorded. From this information an average count of the iterations performed
each second or the frames per second could be calculated. The test was performed
on a 1.8GHz machine running Windows XP. We measured an average of around
7 million fps for a single agent using an a-star against the 40 million fps for our
hierarchical algorithm. The hierarchical algorithm has a much faster rate than
the a-star. This can be attributed to the fact that the a-star calculates multiple
possible paths and requires several storage structures to store and prioritize these
possible routes. The rates are very high owing to the lack of a graphical interface.

The quality of the resulting paths from our algorithm was compared to the
one of an a-star method using the same starting point and destination goals.
Some of the examples can be seen in Fig. @ If we were considering two tracked
persons in an environment, both paths would be plausible.
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Fig. 4. Illustration of example paths produced by the hierarchical method (in red)
compared to paths produced using an a-star (in blue)

5 Conclusions and Future Work

A scalable and robust system for virtual agent navigation is proposed. The al-
gorithm runs at an interactive frame rate for a few thousand agents and the
resulting generated paths can be compared to those produced by the a-star in
finding a near-optimal solution without needing to store a large path.

In the future the algorithm can include more variety that will allow agents
to take alternate routes that would get the simulation a more realistic looking
appearance and appear to simulate everyday occurrences such as exploring or
being lost. The is also the possibility of extending the algorithm use to scenarios
such as evacuating an area or adapting to dynamic environments with only
minor modifications. The algorithm can be expanded to take advantages of more
adaptable storage structures than a quad-tree in cases where the environment is
unevenly distributed.
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Abstract. The main objective of the Bunraku project-team is to de-
velop cross fertilization of researches in the fields of virtual reality and
virtual human. Our challenge is to allow real and virtual humans to nat-
urally interact in a shared virtual environment. This objective is very
ambitious as it requires developing and federating several research fields.
However, it is fundamental for several areas such as taking into account
the human activity in manufacturing, the individual or collective train-
ing process, or the human study in cognitive sciences. In this paper, we
will focus on the research done so far in the team that are concerning
autonomous virtual humans.

1 Introduction

Virtual Human has at least two usages in a virtual reality environment, the
first one is to represent a real human in the virtual world and it is then called
an avatar, and the second one is to live autonomously inside the virtual envi-
ronment, that is to say, perceive, decide and act on its own. Both uses require
a geometrical representation of the human, but in the second case it is also
necessary to model the behavioural activity instead of reproducing the activity
of a real character. Modelling the human behaviour requests to take into ac-
count a certain number of topics such as understanding mechanisms underlying
functions such as natural language production and perception, memory activity,
multi-sensory perception, muscular control and last but not least the produc-
tion of emotions. In short, it is necessary to be interested in the operation of
various faculties that constitute together the human spirit, without forgetting
their relation with the body. In complement of the study of these general mecha-
nisms underlying any human behaviour, the work should also concern the study
of human faculties in dedicated activities such as navigating in a city, using a
work instrument or conducting a structured interview. The comprehension of the
human behaviours requires competence in fields as varied as neurosciences, psy-
chology or behavioural biology. Two types of approaches can be distinguished.
The first one, known as the symbolic approach, consists in modelling the hu-
man behaviour in an abstract way in the form of modules describing each one a
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mechanism and relations of sequencialism or existing parallelism between them.
It seeks to describe the mental processes by using symbols, judgements and
mechanisms of logical inference. The second approach, known as systemic, con-
sists to look inside the cerebral activity of patients subjected to various stimuli,
according to well defined operational protocols. It is focusing more on concepts of
signal transmission in networks, control and state feedback. The two approaches
have different advantages: the first makes it possible to be abstracted from the
biophysics processes present within the brain and to propose a modelling of
the behaviour based on competence, while the second approaches, nearer to the
neuro-physiological data, will be adapted to the modelling of the neuronal and
sensori-motor activities. None of the models proposed in the two approaches is
completely satisfactory to model the human behaviour in its whole. Indeed, our
problem is not to reproduce the human intelligence but to propose an architec-
ture making it possible to model credible behaviours of anthropomorphic virtual
actors evolving/moving in real time in virtual worlds. The latter can represent
particular situations studied by psychologists or correspond to an imaginary uni-
verse described by a scenario writer. However, the proposed architecture should
mimic all the human intellectual and physical functions.

The important bibliographical study made during last years in the field of cog-
nitive sciences pointed out the diversity, even the antagonism, of the approaches
and the absence of federator models to propose an architecture allowing to con-
nect together the various functions used in the human behaviour even for the
simplest. The various approaches generally focus on one or the other of the func-
tions or on a particular method of their relation. No theory exists for determining
either the necessary or sufficient structures needed to support particular capabil-
ities and certainly not to support general intelligence. There is however a general
agreement on the decomposition into several layers (cf figure[ll) or bands going
from very low level control loops (reactive level), providing very fast responses
to stimuli (sensory-motor control), to higher levels such as the cognitive one ma-
nipulating and reasoning on symbols, and the social one including personality,

—— Environment €

Interaction

cognitive
Y

/ re;gtivc \
R4

Biomechanics or physics

Fig. 1. The behavioural pyramid adapted from A. Newell[I5].
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Rational
(logical decision)
Cognitive
(situated decision)

Reactive
(actions: navigation, interaction, etc.)

Physical

(locomotion, animation)

Fig. 2. Our multilayered model of decision

emotions and relation between humans. The reactive layer does not need to ex-
plicitly manipulate an abstract representation of the world, while the cognitive
layer manages the abstract knowledge representation system. One of the main
difficulties in the existing models is that usually symbols manipulated at the up-
per levels are not grounded into the world in which the lower level is making the
virtual human react to its environment. The symbol grounding problem and the
Chinese room problem are well known in artificial intelligence. We are proposing
the first cognitive architecture proposing a full bidirectional link between four of
the five layers: biomechanical, reactive, cognitive and rational (cf figure [2)). Each
layer exchanges specific information with the directly upper layer to inform it of
some imposed constraints, and also with the directly lower layer to control it.
Thereby, each layer is independent from the others, only requiring a set of iden-
tified data to work. Let us present now those layers, starting with the lower one.

2 Biomechanical Layer

The objective of this layer is to compute believable movements for human-like
characters in real-time and interactive environments. Controlling the motion of
virtual humans requires addressing four key points. The first one focuses on post-
processing of raw data provided by motion capture systems [9] captured on a
unique skeleton whereas a target skeleton will generally differ from this original
one. The second point [8] consists in retargeting motion by using morphological
matching and adaptation to the environment. It involves the solving of con-
straints in space and time but it does not meet the interactivity requirements.
A third solution [2] is based on a frame by frame inverse kinematics approach,
that does not guarantee a real-time animation for a high number of degrees of
freedom or a high number of tasks to be respected. However, this solution al-
lows the use of biomechanical knowledge when adapting the motion. The last
point consists in using a mechanical model based on dynamical laws of motion.
Once basic actions are available, it is possible to combine them in order to solve
more complex tasks. For example, motion planning requires interpolating vari-
ous kinds of gaits [20] or generating footsteps in order to drive a character from
an initial to a goal configuration.

We have proposed methods to synchronize, merge and blend several captured
motions (see figure [3)[13]. Each motion is seen as an action, which provides a
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Fig. 3. General Architecture of our Animation Engine

succession of postures and constraint equations. The role of the synchronisation
module is to perform dynamic time warping if actions are not compatible to-
gether. The system is then able to make the character step in environments, and
move around without any a priori knowledge and without any pre-computation
of possible transitions. As the target character is generally different from the
original one, we have proposed motion retargeting methods based on normalised
representations of the skeleton [10]. An efficient inverse kinematics and kinetics
solver based on this specific representation of the skeleton solves the geometric
constraints, such as the contact constraint of the feet on the ground. It enables
animating more than 500 characters in real time (30Hz with a commodity PC).
Moreover, the morphology can also modify the gesture, which requires designing
a function linking the motion to morphology. This is achieved by interpolating
gestures, which belongs to a database indexed by morphological parameters, such
as limb lengths and proportion between segment lengths [21]. This method was
applied to the simulation of locomotion for several different hominids. Whatever
the used kinematical method, ignoring dynamics may lead to some artefacts. Dy-
namical parameters (mass and inertia), when taken into account, lead to more
realistic motions. However, it entails more complex computations and related
models are more difficult to control. Although we have introduced those param-
eters in secondary tasks of inverse kinematics offering more plausible motions,
but it cannot generate a motion that always respects external forces. One of
the main problems that still remain consists in understanding and modelling the
laws that capture the naturalness of human motion in order to simulate realistic
gestures.

3 Reactive Layer

Autonomous virtual humans are able to perceive their environment, to commu-
nicate with others and to perform various activities in accordance with the na-
ture of the environment and with their intentions. Different approaches have been
studied for the decision part of the reactive layer: sensor-effector or neural net-
works, behaviour rules, finite automaton. However, none of these approaches were
sufficient to handle concurrency and time management in behaviours. The var-
ious approaches can be shared within a dataprocessing model implementing a
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Fig. 4. Automatic coordination of reactive beahviours

hierarchy of ” perception-decision-action” loops in which the decisionmaking pro-
cess is real-time, and made up of concurrent and hierarchical state-machines hav-
ing different scales of time. We have proposed the HPTS (Hierarchical Parallel
Transition Systems) model [6]. It is composed of a language allowing the descrip-
tion of reactive behaviours through finite state machines and a runtime environ-
ment handling parallel state machine execution and offering synchronization fa-
cilities. States and transition can be redefined in the inheritance hierarchy and
the state machines can be augmented with new states and transitions. The com-
pilation phase translates a state machine in a C4++ class that can be compiled
separately and linked through static or dynamic libraries. The runtime kernel
handles parallel state machine execution and provides synchronization facilities.

V. Decugis and J. Ferber [5] combine reactivity and planning capabilities in
a real-time application, by extending the Action Selection Mechanism (ASM)
proposed by P. Maes [12] into hierarchical ASMs. In the contrary of the ASM
approach, W.J. Clancey [3] is defending that an activity does not have to be
interrupted when another one requests to be performed. Instead, he defends the
notion of competitive activation mechanism. In the above mentioned models,
it is relatively complex to reproduce this type of interlaced behaviours, due to
their mutual inhibition. We have proposed a new approach whose objective was
to launch the required behaviours and let them arrange automatically accord-
ing to the circumstances, the desires and the physical constraints of the agent
[11]. Three new concepts were introduced within our reactive model: resources
used at each step of behaviour, behaviour priority upon time, and degrees of
preference allowing the adaptation of each behaviour to its context. A scheduler
or central selector (cf figure [) is trying, as well as possible, to respect the al-
lowance of the resources according to the current priority of each behaviour. The
description of a new behaviour, thanks to the mechanism of deadlock avoidance,
does not require the knowledge of other already described behaviours. In this
model, known as HPTS++, the behaviour coordination becomes thus generic
and automatic.
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4 Cognitive Layer

As humans are deliberative agents, purely reactive systems are not sufficient to
describe their behaviour, and it is necessary to integrate the cognitive aspect of
behaviour (beliefs and intentions) [7]. In order to do so, Badler et al. [I] propose
to combine Sense-Control-Action loops with planners and PaT-Nets. In this sys-
tem, like in others [16], the action is directly associated with each node, which
doesn’t allow the management of concurrency. Other planning systems elaborate
plans by reasoning on actions and their associated resources [14]. However, such
kind of approach is based on an omniscient point of view, where the agent can
obtain any information from the informed environment to plan its path, which
limits the realism of the simulation. Another approach, based on artificial vision,
is using information retrieval from an image captured by a camera located on
the head of the virtual human. This process, using the well known Zbuffer com-
putes the perception of a virtual human. N. Courty [4] has extended this kind
of approach by blurring the peripheral vision area in the perceived image and
by introducing a saliency map calculation. Salient points are extracted from the
perceived image and used in the visual attention guidance of a virtual human
navigating without any goal in an urban environment. C. Peters et al. [I9] use
also an artificial vision model, but in their case it is coupled to a human memory
model allowing to manage scanning and object retrieval techniques inside an
apartment. A human being navigating in an environment is confronted to the
problem of his own spatial localization. An approach is to consider that he or
she is using a geocentric spatial cognitive map to navigate. Indeed, most of the
cognitive works on that subject state that the knowledge a pedestrian can have
of his environment differs a lot from what is really the environment: his percep-
tion and memory are most of the time incomplete and distorted [23]. Then it
seemed interesting to us to study what should be added to the classical naviga-
tion architecture in behavioural animation, to simulate more realistic navigation
behaviour. After a careful study of various works in the cognitive psychology
field, the introduction of a spatial cognitive map and a human-like memory ap-
peared necessary. The map is necessary to restrict the omniscience of the agent,
and it allows the model to exhibit a more realistic navigation behaviour, due to
the fact that planning is computed with incomplete knowledge of the environ-
ment. As the memory is dedicated to take into account a temporal factor in the
simulation, the major consequence is that, paths taken to go from one location
to another will not be the same at different moment during the simulation as
the state of the agents memory is continuously evolving [22].

5 Rational Layer

This layer is in charge of the logical decisions of the autonomous agent. Decisions
are based on un-embodied notions describing the goals and sub-goals of the agent
at a conceptual level. This layer also organises these goals to find the feasible
actions independently of their location. The logical decision of the autonomous
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Fig. 5. Predefined set of concepts introduced within BIIO

agent is based on concepts describing its goals in the environment. These con-
cepts are unified by an architecture which defines the way they operate together:
BIIO for Behavioural Interactive and Introspective Objects. BIIO manages the
concepts as objects in the sense of object oriented languages, i.e., by allowing
the creation of a hierarchy of concepts specialising or unifying already existing
ones. Another characteristic of BIIO is that any concept is endowed with intro-
spective abilities, and thus able to communicate its components to others. This
architecture also proposes a predefined set of concepts related to interaction be-
haviours. We define an interaction as any action between an autonomous agent
and another embodied element situated in the environment, such as another
autonomous agent or an equipment.

The set of concepts we introduce are defined in figure Bl Physical Object de-
scribes a situated object whose location is identified inside the environment. This
concept is specialised in two other concepts: Effector and Interactor. An effector
represents something which sustain an interaction, i.e. which participate to an in-
teraction without having initiated it. represents an autonomous agent which can
realise an interaction. An interactor is able to manage two concepts representing
its behaviours: the affordance and the cognitive task. An affordance describes
an interaction between an interactor and an effector, and so a behaviour of the
interactor which is directly observable. These interactions are defined globally in
the virtual environment, allowing to easily add new affordances without having
to modify the effectors nor the interactors. Thereby, effectors and interactors
are able to collect the affordances they are compatible with thanks to the intro-
spective abilities provided by BIIO. Then, they have some generic processes to
manage the collected affordances.

A cognitive task describes an internal behaviour of the interactor, which is not
directly observable. A resource symbolises a property of a physical object, such as
electricity for an equipment, or the ability to move for an autonomous agent. A re-
source can be transitory or permanent, and can have multiple internal properties
which might evolve. Both behavioural concepts (affordance and cognitive task)
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Fig. 6. Some virtual humans waiting for the use of a vending machine

use resources to define their run, as for example to manage their competition. A
usage area describes the positioning of an interactor in order to use an effector.
A waiting queue describes the way the interactors must socially organise in or-
der to wait for a specific interaction with an effector (cf figure[@l). Waiting queues
are managed on the same way than usage areas. In this approach, the situated
decision is managed by a specialisation of the concept of cognitive task, interact,
which is related to interactions. The goal of this specialised behaviour is to cre-
ate a connection between the abstract decision of the interactor and its embodied
abilities: perception, path planning[I7], and navigation[I§]. In fact, this cognitive
task handles the competition between the interactors active affordances for the
control of the agents physical abilities. Interact takes place as a hierarchical state
machine, where each automaton has a specific role (cf figure[d).

The situated decision ability of our agents allows us to simulate complex
behaviours with a really simple description phase: we just have to create the
equipments (effectors) with their corresponding affordances, and then to as-
sign an agent its final goal. For example, the behaviour of an outgoing passen-
ger is shown in figure B the final goal assigned to the interactor is to reach a

Interact

Usage possible
.-’ Aclive search Reactive search "O

Active use Reactive use

Active wait

Fig. 7. The hierarchical state machine of interact
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Fig. 8. Example of the goal oriented behaviour of an outgoing passenger

destination by train, producing a set of sub-goals in order to buy a ticket (which
creates a ticket resource added to the interactor), check the departure board,
and punch the ticket (which modifies a property of the ticket resource); all of
these interactions are performed with equipments which are chosen thanks to
the interactors situated cognition ability.

Both models of decision presented in this paper, logical and situated, have
been unified in a multilayer model of virtual agent (cf figure [). The interact
cognitive task manages embodied and situated behaviours, like navigation, with
a purely logical process based on the abstract concept of affordance. This task
can handle generically any affordance with a defined hierarchical state machine,
and is able to take into account new affordance without being modified. A final
problem needs addressing, which consists in choosing an effector inside the envi-
ronment. This second part of the situated decision process is used by the active
search automaton of the interact task. Its goal is to find the best couple of affor-
dance and effector considering the relative priorities of the active affordances of
the interactor, and the distance to travel to reach the effector. To do so, a path
planning is performed inside the environment, whose ending condition is not a
position, but an effector which is compatible with an active affordance.

Priority, Task activation,
State ("3 Rational Task Scheduling 0.1 Hz
Location, Cognitive Tasks Configuration, 1 Hz
Knowledge - - Execution
Physical | (%/ Basic Reactive Tasks = Speed and direction 412
Constraints Locomotion of motion 20 Hz

Fig. 9. A multilayered architecture of an embodied and situated virtual human



60 S. Donikian and S. Paris

Fig. 10. User activities in a train station

The performances of the decision process are very good, with lesser than
0.5ms to take an initial decision, and with a negligible cost while only refreshing
that decision (while walking towards a selected effector). Such high performances
allow us to simulate one thousand of people in real time on a standard computer
with full behavioural abilities, including the reactive and physical layers. This
result is obtained with graphical output, which is responsible for approximately
50% of the total computation time. Left image of figure [I0 is illustrating some
characters waiting for the lane of their train in front of an information board. A
window allows also to show trajectories followed by all pedestrians in the train
station with the ability to discriminate by using a different colour those who will
take a specific train. The right image illustrates the different activities of people
inside the train station.

6 Conclusion

The principal key words of the whole work done so far on virtual humans are:
how to model it, animate it, control it, and define its interactions with its envi-
ronment and its congeneric. We wish in an immediate future to gather the whole
of the work completed around the virtual human ranging from reactive to so-
cial behaviours and offering facilities for perception and action modelling. Those
models have to take into account human behaviour characteristics in order to
produce complex and believable movements and behaviours. Moreover, it has
to respect the virtual reality constraints: real-time control and interactivity. To
combine autonomy and believability, we are working on a unified architecture
to model individual and collective human behaviours. This architecture should
include reactive, cognitive, rational and social skills and manage individual and
collective behaviours. This is one of our current challenges. We have proposed
with BIIO a first answer to the symbol grounding problem by combining in a
generic way cognition with a reactive embodied and situated human character.
To tackle the embodiement of cognitive symbols we have developped a complex
hierarchy of perception-decision-action loops, by managing the bidirectional ex-
change of information between the different levels. We will continue to develop
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this model by adding the social layer to the pyramid. We plan also to develop
an audio-visual attentive coordination, integrating the management of human
memory, the filtering of attention and the cognitive load. At the moment, mo-
tion control and behaviour model are usually seen as two independent software
components, which does not allow a good solution for prediction and adaptation
to the context. We will have to provide a better integrated solution, allowing the
management of adaptable and expressive models of motion.
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Adaptive Body, Motion and Cloth
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Abstract. Virtual Try On (VTO) applications are still under development
even if a few simplified applications start to be available. A true VTO should
let the user specify its measurements, so that a realistic avatar can be gener-
ated. Also, the avatar should be animatable so that the worn cloth can be seen
in motion. This later statement requires two technologies: motion adaptation
and real-time cloth simulation. Both have been extensively studied during the
past decade, and state of the art techniques may now enable the creation of a
high quality VTO, allowing a user to virtually try on garments while shopping
online. This paper reviews the pieces that should be put together to build such
an application.

1 Introduction

Online shopping has grown exponentially during the past decade. More and more
customers turn to this new medium, thus attracting the attention of the main industry
players. The clothing industry is no exception to this rule, and various retailers now
propose to purchase their garments online. A major problem related to the sale of
garments through the internet is that the customer has no real way to try out a garment
before purchasing it. Thus, a new kind of applications, called Virtual Try On, is now
starting to emerge on the web and several companies [1] already offer this service.

However, due to the challenging nature of the task, the existing VTOs are quite
simplistic. They do not allow to really assess the fitting of a cloth, but rather provide a
visual idea of what the garment will look like, without animation. To move these
applications to the next level, they should be able to accurately evaluate the fitting of
a garment to a particular customer by taking into account its actual measurement, and
also to provide animation so that the comfort can be estimated. To achieve these two
goals, one first has to deform a body shape according to an input set of measurements.
Second, animation clips should be adapted so that they match the newly created body
shape. Eventually the cloth simulation should run in real-time, and be sufficiently
accurate to make the obtained animation meaningful.

2 Human Body Modeling

3D human body models are a core element of computer graphics environments such
as games, virtual modeling tools and virtual reality applications. The evolution of
computer graphic techniques and hardware technology makes it possible to use
more realistic models in these environments by also modeling the clothes, hair, gaze
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and motion. The primary characters of those environments, human body models,
require specific techniques for real-time animation and realism. Because of their
importance, specific research areas focused on cloth, face, hand, skin, anatomy and
skinning to generate models which will improve the quality and realism of the vir-
tual environments. Human body models which are subject to all those techniques
and environments are initially generated by designers or acquired by 3D body scan-
ners. These initial models are used as templates to generate a range of new ones
through parametric deformations.

Parametric body modeling techniques can be categorized under the following titles:
interactive, reconstructive, example based, anthropometric, and multi layered model-
ing. To achieve a higher degree of realism, a multi-layered approach is used to gener-
ate a body model that allows the interactive design of human bodies [2]. This approach
requires intensive user interaction with slow production steps and limited number of
control parameters. In case of reconstructive approaches, Lee et al. [3] used silhouette
information from orthogonal images to deform a generic body model. Using face and
body feature points along with front, back and side images, allows to construct an
animatable human body using Dirichlet Free Form Deformation. Real-time deforma-
tions can be achieved by applying Free Form Deformation (FFD) techniques [4]
(Fig. 1) while Zhaoqi et al. [5] used a contour based representation of the body model
to generate skeleton-driven deformations.

With the new developments of hardware for computer graphics, the new trend was
to use the GPU power for computationally intensive methods. Based on multi-
resolution deformation on a high resolution meshes, Marinov [6] used the GPU for
faster computation of the body deformations. Rhee et al. [7] parallelized the computa-
tion on GPU to exploit the efficiency of weighted pose space deformation. One of the
recent techniques was proposed by Teran et al. [8] for modeling the muscles with
finite element method to reproduce their physical behavior.

Fig. 1. Anthropometry based real-time body deformation and animation. From a template body
model (left), different anthropometric regions (ankle, knee, thigh, height, front-back trunk,
breast, arms) of the body are deformed while she is in walking locomotion
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An early version of an approach based on examples was presented by Seo et al. [9].
They designed a template human body model with a set of manually defined landmarks
on the mesh. According to user specified parameters that correspond to these landmarks,
a scanned body model database is searched. The model that has the closest similarities
to the specified parameters is fetched from the database. As the template model and the
fetched one have the same set of predefined landmarks, the template body can be
mapped on the other, so it can be deformed to have the same shape. The output of this
process is a deformed template model with its adapted skinning information.

One of the other main body modeling techniques is to use anthropometry to seg-
ment the body model into logically deformable regions. International body measure-
ment standards are available, defined under ISO-7250 and ISO-8559 [10] which is
commonly used in anthropometry studies. These measurements are taken from the
main body regions which are sufficient to reconstruct the similar body silhouette.
These measurements are mainly used in clothing industry. For us, this is the easiest
way for an end user to measure his/her body parts and enter his/her measurements as a
parameter to the VTO application. Using a variation of the FFD technique and radial
basis functions, predefined anthropometric body regions are deformed to generate the
desired body shape. Deformation of the model surface is achieved in the direction of
surface normals. This prevents the recalculation of the new surface normals, tangent
space, and existing skinning weights. Deformation of overlapping body regions are
obtained by blending the displacements on the intersecting regions. Continuity be-
tween the neighboring regions is preserved by using radial basis functions for produc-
ing smooth displacements on the boundaries. Since the anthropometry-based body
regions are overlapping with the skeleton joints, the skeleton adaptation is achieved
by re-scaling the bones by the same ratio as the region deformed over the joint. This
approach makes it possible to dynamically deform the body model while it is being
animated.

3 Motion Adaptation

Body deformers allow one to deform a body according to his/her requirements. Thus,
the motion used for animation must be adapted to account for the changes applied to
the character. For instance, if the character has to grab a surrounding object, then the
movement of its arm must be changed so that he/she actually reaches the object. Simi-
larly, self penetrations must be removed for avoiding collisions between the limbs and
the body.

One of the most successful approach for modifying an existing animation is to use
a spacetime optimization. It has been used by various works to address several aspects
of the problem, such as foot plant enforcement, constraints compliance and physical
properties of the motion. This approach modifies the entire motion clip in one pass,
unlike Inverse Kinematics (IK) which deals with each frame individually (thus
performing much faster) [11-13]. A motion clip seldom fits to the designers require-
ments. Thus, the researchers have focused their efforts in developing tools and meth-
ods for reducing the amount of work required to obtain the desired animation.

IK has proven to be efficient for self penetrations, but in case of deformable char-
acters, the penetrations created by the growth of a limb tend to last for a long period
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of time. Using IK for handling these collisions creates discontinuities in the resulting
motion and thus the spacetime approach seems well suited. The first work that used a
spacetime optimization for adapting a motion was also from Gleicher [14, 15]. His
method consists of defining characteristics of the motion that the user wants to en-
force (e.g. feet on the ground, no sliding...) as a set of constraints that will be solved
later on by a spacetime optimization. The optimization computes an adapted motion
that re-establishes the constraints while preserving the characteristics of the original
motion.

A|B

Fig. 2. Illustration of the motion adaptation process. The red figure is the original one, while the
green is the adapted posture.

After a character is deformed, no self collision is allowed to take place and the
movements Here we would like that no self collision remains while keeping the re-
sulting motion close from the original, and physically plausible. Thus, the constraints
to be satisfied become that the sum of all the penetrations remains zero. It may be that
the penetrations occur at a difficult location, near the arm pit for instance. In this case,
only one joint (the shoulder) can be modified to repair the motion. Any change ap-
plied to only one joint will be visible much as the entire kinematic chain attached to
this joint will move along. One might be tempted to move the hand back towards its
original location; however this is a bad idea because moving the hand towards the
body will certainly create more self penetration. Thus, instead we propose to rotate
the forearm towards it initial orientation. An example of penetration removal can be
seen on figure 2B.

If the motion has changed much, then the balance of the character is not maintained
any longer. Existing approaches can be used for addressing this issue, either by mini-
mizing the energy consumption [16, 17] or by modifying the trajectory of the zero
momentum point [18, 19]. As the animation clip being considered might not be opti-
mal in terms of energy consumption, it does not make sense to use this criterion here.
Moreover, previous approaches modified the ZMP trajectory on a per-frame basis and
thus we proposed to modify the path of the ZMP using spacetime optimization [20].
In this implementation, we allow the character to lean so that the balance is main-
tained. Moreover, due to badly processed motion data, or in case of highly dynamic
motions the ZMP does not remain within the supporting area. Thus instead of bring-
ing it back under the character’s foot sole, we bring it back 7o fur#%er than in the
original motion clip. The result of such adaptation can be seen on figure 2A.

Eventually, footskate may have been created by the adaptation process and should
be removed. Kovar et Al. [21] used a five steps kinematics algorithm to remove the
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foot skating. We developed a skin-based approach to perform the same cleanup [22]
while Glardon et Al. [23] used a fully IK based approach. Figure 3 shows the effect of
such process on a motion exhibiting foot skating.

Fig. 3. Footprints left by a virtual character. The white prints exhibit foot sliding, while the
yellow prints were left by the adapted animation.

4 Real-Time Garment Simulation

While simple computation models are able to simulate in real-time the animation of
small fabric samples, simulation of virtual garments on animated virtual characters is
a very time-consuming process. The biggest performance issues result from the com-
plex and refined meshes necessary to describe the garment geometry in an accurate
way. Mechanical simulation of such meshes requires a lot of computational resources
to be dedicated to the mechanical evaluations of each mesh elements, along with the
numerical integration of the resulting equations. Collision detection furthermore re-
mains an important performance issue despite the use of sophisticated optimization
algorithms, the virtual character itself being represented as a very complex
geometrical object.

The still huge performance leap necessary for obtaining real-time simulation of
complete garments cannot be obtained by further optimization of classic simulation
techniques, despite the recent developments on simple models using particle systems,
implicit integration and optimized collision detection. They require more drastic sim-
plifications of the simulation process to be carried out, possibly at the expense of
mechanical and geometrical accuracy. Among the possibilities are:

- Geometrical simplification of the mechanical description of the garment ob-
ject, using rendering techniques (texturing, bump-mapping, smoothing) for re-
producing small details (design features, smooth shapes, folds and wrinkles).

- Approximations in the collision interactions between the cloth and the body,
for instance using approximate bounding volumes of force fields.

- Highly efficient mechanical models for cloth simulation, based on particle
systems associated to efficient numerical integration methods which allow
trading away dynamic accuracy to computation speed.

- Low-cost simplified geometric models for animating the cloth object, which
approximate the mechanical behavior and motion of the cloth into predefined
geometric deformations. Problems involve the design of adequate predefined
motions that would represent the properties of the cloth in the many different
mechanical contexts garments could be involved. These motions are usually
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defined using analytic functions adapted to a particular context, or by auto-
matic processes such as neural networks “learning” the cloth behavior from
actual simulations [24, 25].

- Hybrid context-sensitive simulation frameworks which simplify the compu-
tation according to the current interaction context of garment regions, possi-
bly mixing together rough mechanical simulation with small-scale specific
simulation of features such as wrinkles [26].

- Integrated body-and-garment simulations where the cloth is defined directly
as a processing of the skin, either as texture and bump-mapping (suitable for
stretch cloth) or using local deformations reacting to the body motion using
simplified mechanics [27].

All these techniques can be combined for designing a real-time system for garment

animation, provided that the body animation system and the rendering pipeline is
efficient enough so support these features with adequate frame rate.

4.1 An Example of Real-Time Garment Animation System

In this section, we intend to demonstrate the process of integrating the simulation of
garments on an animated character in real-time. The main idea of this process is to
create a unified representation of the body and the garment in a single object, by ex-
trapolating the skinning information from the body surface to the garment surface.
This extrapolated information would then be used either for animating the garment
geometrically (through the same skinning deformation as the one used for animating
the body), either to give to the mechanical simulator information for simplified colli-
sion detection between the cloth and the local body surfaces.

The automatic skinning extrapolation tracks the relevant features of the body shape
ruling the animation of any vertex of the garment surface. This algorithm can be de-
signed by extending a proximity map (nearest mesh feature algorithm) with additional
visibility considerations for pinpointing the actual geometrical dependencies between
the surfaces of the body and the cloth. A smooth blending between the weights of
several nearest points smoothes the transitions between body parts. Additional
smoothness criteria can also be also embedded so as to prevent any jaggy deformation
over the garment surface. Further optimizations, such as the reduction of bone de-
pendency count, should also be performed for reducing the computational time of
skinning animation.

Collision data is obtained from the same nearest-feature algorithm used in the skin-
ning extrapolation scheme, and optimized with specific distance and visibility consid-
erations. Hence, for each vertex of the garment mesh, a set of vectors relating the
nearest body features is stored. Then, during the animation, these vectors are skinned
using the corresponding vertex weights, and collision distance and orientation can
then be extracted from these vectors for adequate collision processing.

The mechanical engine is a fast and optimized implementation of the tensile cloth
model [28]. It is associated to an implicit Backward-Euler integration scheme, which
offers good performance along adequate robustness in this simulation context.
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Through the use of an accurate mechanical model that offers good representation of
the mechanical properties of cloth, it is possible to obtain a fairly realistic simulation
which can suit the needs of fast fitting preview, during body motion, as well as body
or garment resizing.

Fig. 4. The skinning weights of the mesh element (shown by the bone colors) (left) are extrapo-
lated on the garment surface (middle) using through a smooth blending of the weights of the
nearest mesh features. On the right, collision information is stored as vectors relating the orien-
tation and distance of the potentially colliding body surfaces. These vectors are deformed by
the skinning process during the body animation.

Fig. 5. Extraction of the weft, warp and shear tensile deformation values on the cloth surface
using the 2D fabric surface coordinates of the patterns and the initial 3D shape of garment

5 Conclusion

In this paper we reviewed a set of techniques which can be used as the basic blocks
needed to construct a VTO application. Parametric body modeling allow to deform a
character in real-time, while motion adaptation ensures that the movements of the
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character will fit to the newly generated shape. To achieve real-time performances,
tradeoffs were made regarding the accuracy of the cloth animation and meshes resolu-
tions. The simplifications we made were specifically chosen because they allowed us
to achieve the goals we had in mind. However, each application should make suitable
simplifications so that the desired effects are still produced by the system.
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Abstract. This paper describes a framework for animating virtual char-
acters in real-time environments thanks to motion capture data. In this
paper, we mainly focus on the adaptation of motion capture data to
the virtual skeleton and to its environment. To speed-up this real-time
process we introduce a morphology-independent representation of mo-
tion. Based on this representation, we have redesigned the methods for
inverse kinematics and kinetics so that our method can adapt the mo-
tion thanks to spacetime constraints, including a control of the center of
mass position. If the resulting motion doesn’t satisfy general mechanical
laws (such as maintaining the angular momentum constant during aerial
phases) the current pose is corrected. External additional forces can also
be considered in the dynamic correction module so that the character
automatically bend his hips when pushing heavy objects, for example.
All this process is performed in real-time.

Keywords: Virtual human, real-time animation, kinematics, dynamics.

1 Introduction

Animating virtual humans thanks to motion capture data generally requires
lots of precomputation and manual editing. Firstly motion capture data gener-
ally contain some holes and the Cartesian position of surface markers must be
converted into joint angles. Most of the commercial softwares such as Motion
Builder (product of Autodesk) and IQ for Vicon systems (product of Oxford
Metrics) offer very efficient interfaces and algorithms to perform such processes.
Secondly, motion capture data should be applied to the virtual character (called
motion retargetting) that is used in the application leading to some corrections
when the feet are not in contact with the ground during contact phases for ex-
ample. Thanks to some research works in computer animation, this task can
be performed almost automatically in a precomputation step. Then, new prob-
lems occur when this animation has to be applied to interactive environments
such as video games. In the real-time engine, the 3D environment may be dif-
ferent from the one in which the actor performed his motion. The pose of the
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Fig. 1. Left) The motion of the character is adapted in real-time in order to push
a heavy cupboard while the original motion was simply walking with the two hands
placed in front of him (lightgray character). Right) The character reacts in real-time
to an external force exerted on his shoulder while walking.

character should be adapted in order to take this new situation into account.
This problem is generally solved concurrently to the motion retargetting step
by precomputing some situations in advance. However, for a wide set of possible
actions and situations, this manual approach leads to very long and fastidious
work. Moreover the resluting database of motions is very large leading to long
loading phases. It also requires a very large place on the storage support and
memory.

Once motions are correctly precomputed, the real-time animation engine has
to select the most convenient clip for a given situation and character. However,
new behaviors and situations generally cannot be processed during real-time an-
imation. Imagine an application where the user can create a character by tuning
its dimensions and appearance. In that case, it’s impossible to perform motion
retargetting in advance. Let us consider now that this new character is driven in
real-time by the user and has to interact with other players. For example, a user
can put objects into a cupboard or other characters can concurrently interact
with such a cupboard. The player wishes to see the virtual character adapting
his pose as a consequence of a change of the mass of the cupboard (see figure[I]).

This paper addresses this kind of problem by introducing real-time algorithms
capable of adapting a motion clip to the morphology of the character, to kine-
matic constraints and to some dynamic constraints.

2 Related Works

Adapting motion capture data to new situations rises three main problems:
solving kinematic constraints, ensuring continuity and preserving the original
style. Displacement maps [I] [2] [3] where introduced in order to solve these
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problems. It consists in solving constraints when needed and then filtering the

resulting discontinuous motion in order to obtain a continuous one. This ap-
proach can be used to retarget a motion to a character [4]. If the character that
has to be animated has a different topology from the one that was used to pro-
cess motion capture data (a character with an accurate model of the shoulder vs.
an original model with a rigid torso for example), an intermediate skeleton can
be used [5]. However, displacement maps require a complete knowledge of the
sequence and the constraints in advance. In real-time interactions with a user,
such constraints are not accurately known in advance as the user can modify the
actions and the environment in an unpredictable way.

Real-time inverse kinematics [6] [7] [§] and kinetics [9] (ensuring the control
of the position of the center of mass) can also be solved in real-time. In the
specific case of foot-skate clean-up, this process is very fast [I0]. For a whole-
body pose control, it’s very difficult to control more than one character in real-
time whereas computation time used for this process could be used for processing
other tasks in the animation engine. Moreover these techniques are only designed
to solve kinematic and kinetic constraints in interactive time but cannot ensure
that mechanical laws are satisfied (such as preserving the angular momentum
constant during aerial phases or limiting joint torques).

To solve kinematic and dynamic constraints concurrently, several authors have
proposed to optimize an objective function gathering all these constraints [I1]
[12] [13] [14] [15]. By nature, this process cannot be used in real-time animation as
it requires a complete knowledge of the constraints in advance. Another solution
consists in applying inverse dynamics and to tune to motion until the forces and
torques reach acceptable values [I6]. This method has been extended in order to
deal with dynamic stability [I7] and to correct the angular momentum in aerial
phases thanks to time warping [I8] or real-time local adjustments [19]. Dynamic
filters were introduced in order to adapt an incorrect motion in order to satisfy
the mechanical laws frame-by-frame [20]. It has been applied to obtain a stable
motion from the dynamic point of view [21].

In order to react to external perturbations, it’s also possible to simulate
the passive behavior of the virtual human’s mechanical system and to search
a database of possible reactions the candidate that best fit the simulation condi-
tions [22] [23]. This process calculates a whole sequence and is difficult to apply
in real-time for interactive applications. Moreover, only local perturbations such
as pushes are considered. It cannot be used to compensate continuous external
actions, such as pushing an heavy object.

In this paper, we propose a framework to animate virtual humans thanks to
motion capture data while taking kinematic and dynamic constraints into ac-
count. This framework was designed for real-time animation (per-frame solvers).
Section [l provides an overview of this framework. All this framework is based
on a morphology-independent representation of motion that is described in sec-
tiondl Then, the inverse kinematics and kinetics solver (section[(]) and the on-line
dynamic correction (section [f]) are presented.



From Motion Capture to Real-Time Character Animation 75

3 Overview

The whole framework is able to synchronize and blend several motion cap-
ture data in order to solve a complex task in real-time, as described in [24].
When all the desired motions are blended into a unique pose, this latter can be
adapted to a set of constraints. This paper focuses on this part of the frame-
work only. Let us consider g the set of data that are associated to a pose of
the character. In this paper, these data are based on a morphology-independent
representation of motion, as described in section @l At time ¢, ¢ is associated
to a set of kinematic and kinetic constraints (modeled as equality equations
filg) = c2).

Before solving these constraints, ¢ must be scaled to the virtual human’s
morphology, as depicted in figure Bl The resulting vector g5 is not made of
joint angles any more but consists of Cartesian and angular data. The inverse
kinematics and kinetics solver is applied on ¢, in order to find a pose that
satisfies a compromise of all the constraints. At this step, the solver delivers joint
angles that are compatible with the virtual character. However, the resulting
motion doesn’t take external forces into account so that the angular and linear
momentums may be incorrect from the mechanical point of view. The Dynamic
Correction module aims at modifying the resulting angles in order to ensure
that external forces are taken into account. This module doesn’t compute the
joint torques but is based on analyzing the mechanical constraints applied to the
global system. Hence, during the aerial phase, the angular momentum should
remain constant and the acceleration of the center of mass should equal gravity.
During the contact phase, we assume that the character should counteract the
external forces to preserve as much as possible the initial movement. To do so,
the system can tune the orientation of groups of body segments. The goal is
to modify the ground reaction force, the center of pressure and the position of
the center of mass in order to counteract the new imposed external forces, as

depicted in figure [1l
Database

Morpholog-indep | representation

Character’'s Additional

——— Retargetting

morphology external Forces
Car‘[esianl & angular data l
Constraints Inverse kinematics Dynamic
& kinetics correction

Joint l angles

Rendering

Fig. 2. Overview of the motion adaptation framework
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Fig. 3. Morphology-independent representation of motion

4 Morphology-Independent Representation of Motion

The morphology-independent representation of motion was preliminary
described in [25]. It’s based on a Cartesian normalized representation of a pos-
ture. In this representation, the human body is subdivided into kinematic sub-
chains (see figure [3]) that describe parts of the skeleton. Those kinematic chains
are divided into three main types:

— the normalized segments that consist of only one body segment (such as the
hands, the feet, the clavicle and the scapula). They are normalized by their
length ;

— the limbs with variable length that encode upper and lower limbs composed
with two body segments each. In this representation, the intermediate joints
(elbows and knees) are not encoded given that their positions are directly
linked to the characters anthropometric properties. To retrieve them, an
analytical solution derived from IKAN [26] is used ;

— and the spine is modeled by a spline (as suggested in biomechanics) which
advantage is that it can be easily subdivided into as many segments as wishes,
depending on the character description. This spline is easily normalized by
scaling the coefficients between 0 (close to pelvis) and 1 (close to the skull).

Given this data structure, every motion capture data or edited trajectory (what-
ever the size of the initial skeleton) can be used as an initial pose. This pose is
then adapted to the new skeleton by simply multiplying all the normalized data
by the dimensions of the new character.

5 Inverse Kinematics and Kinetics

Once a set of parameters g is scaled to the size of the virtual character, the
system has to solve the equality constraints f;(¢s) = ¢;. Generally, this task is
performed by an inverse kinematics solver that consists in locally linearizing f; to
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Fig. 4. Dozens of characters controlled through interactively constraining the wrists
and ankles. The center of mass is also constrained over a vertical line going through
the middle of the feet.

inverse it. However, the computation cost is very high and this process sometimes
leads to unrealistic poses. The main problem is to solve constraints expressed in
the Cartesian frame whereas g, is a set of joint angles. With our representation
based on relative Cartesian positions, the problem is simpler. Hence, for a group
of body segment, it’s possible to find an analytical solution for each constraint.
For the arm, it’s possible to determine very efficiently the new location of the
wrist in the shoulder reference frame while preserving the initial orientation of
the arm. The same kind of direct solution can be found for each group of body
segments (limbs, trunk and head).

The main problem is to control the whole body whereas the solutions can be
found locally for each group of segments. To solve this problem, we have adapted
a Cyclic Coordinate Descent algorithm [27]. It consists in iteratively adapting
the groups in a specific order until convergence. The order is selected to adapt
the distal segments first because they are associated with less energy than the
trunk or the whole body position and orientation. Moreover, the limbs offer a
wide range of reaching positions that generally enables to solve the constraints in
only one iterations (for targets (c) placed close to the body). The corresponding
algorithm is:

it =0

Do
adaptGroup (HEAD)
adaptGroup (RIGHT ARM)
adaptGroup (LEFT ARM)
adaptGroup (RIGHT LEG)
adaptGroup (LEFT LEG)
adaptGroup (TRUNK)
adaptRoot ()
completed = computeError ()

While ( (it++ < maxIt) & (not completed) )



78 F. Multon

This method also enables us to control the position of the center of mass [28]
by offering immediate position of the local centers of mass for each group. Thus,
analytical solutions can also be proposed for each body group to displace its
local center of mass to a convenient place. However, for this process, the order
in which the groups are adapted is different: from heaviest masses (leading to a
large displacement of the global center of mass) to lightest ones (small displace-
ments). This way, the minimum number of necessary groups is affected with
this method. Figure [ depicts dozens of various characters that have to satisfy
the same geometric constraints (placing the two wrists and ankles onto targets)
while ensuring that the center of mass stays along a vertical line.

6 Dynamic Correction

The dynamic corrections consist in adapting the joint angles if the corresponding
whole-body motion doesn’t satisfy the mechanical laws. It can be subdivided into
two parts:

— during aerial phases, some global mechanical values are well known. For
example, the angular momentum remains constant and the acceleration of
the center of mass equals gravity. Let function h(gs) returns the angular
momentum according to the joint angles. If an error Ah in the angular
momentum appears, it’s possible to retrieve the joint angles that eliminates
this error by locally linearizing h (see [19] for details).

— during contact phases, the way the global mechanical values should change
is more complex. If the user adds external forces that were not initially con-
sidered, the system should be able to adapt the sequence of poses to react to
this perturbation. For example, when a character is pushing a cupboard, he
should adapt his poses in order to react to the corresponding external force.
The same way, when a character is turning, he should react to centrifugal
accelerations by bending the whole body inside the turn.

Let us consider now the last item. The main goal is to perform the initial task
as much as possible while reacting to the continuous external forces F, added in
real-time. To do so, the system can act with two complementary methods:

— displacing the center of pressure COP into the base of support in order
to create a new torque ACOP x R where R is the ground reaction force.
If the required COP remains in the base of support to counteract all the
perturbation, no other change is needed; nothing is changed in the character’s
pose.

— if the first solution is not enough to counterbalance F., the next step consists
in changing the ground reaction force R. Theoretically R becomes R — F.
All the components of R change but the vector should stay within the cone
of friction forces. Each change of the ground reaction force leads to a change
of the global orientation and position of the center of mass. As the character
is attached through kinematic constraints to the ground, it leads to a change
of the pose of the character, as depicted in figure [l
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For the latter, the main problem is to express the Newton’s laws as a function
of the global orientation of the character ¢; at time ¢:

Mw(q1) + Mg(q1) + Mp, — H(q1) + M(mi(q1)) =0 (1)

My (q1) is the torque due to the body weight, Mpr(q1) is the one due to the
ground reaction force (linked to the position of the center of pressure), Mg, is
the one due to the additional external forces and H(g;) is the derivative of the
angular momentum. The center of pressure is assumed to be the Zero Moment
Point, usually utilized for stabilizing biped robots [17]. Without additional exter-
nal forces, when a motion is retargetted to a new character, this sum is certainly
different from 0. This is due to a set of approximations: the model is different
from a real human body, the body segments length and mass properties are also
different. So equation [Il becomes:

ming, (Mu(@) + Ma(a) + Mr, — @) + Mi(@))) (@)

This expression is minimized to calculate the global orientation of the character
that best satisfies equation [II When the global orientation is known, the kine-
matic constraints may be unsatisfied and a new inverse kinematics step is per-
formed to locally correct the pose of the character, as depicted in figure 2l This
minimization includes the perturbations due to the external forces. As a conse-
quence, the global orientation is modified not only to compensate the change of
morphology but also the addition of those external forces. ¢; should also remain
in the neighborhood of the current pose in order to avoid discontinuities. Hence,
the search space is quite small and a simple iterative method can find an optimal
solution with only few steps.

Left part of figure [1l depicts a character that has to push a furniture. De-
pending on the weight of the furniture and the friction forces on the ground,
the virtual human has to compensate an external force applied to his hands. In
this figure, the lightgray character stands for the original pose, without external
force. The other character is obtained after our method for a 50Kg furniture. We
can see that the system automatically rotates the whole body to compensate the
external forces exerted by the furniture. The kinematic constraints (connecting
the feet without sliding on the ground and putting the hand on the furniture)
are also satisfied. This correction is performed in real-time.

7 Conclusion

We have described a framework to control motion of virtual characters thanks to
motion capture data while satisfying kinematic constraints with very few com-
putation time. In addition to kinematics, the system is able to correct poses that
doesn’t satisfy general mechanical laws if we only consider the center of mass
mechanical system. Although this approach is limited to the global system, it
enables us to calculate motions that can take continuous external forces into ac-
count. It’s the case when a character has to push or carry objects, for example.
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The goal is to propose very fast computation instead of calculating all the joint
torques that are necessary to control the character’s mechanical skeleton. Al-
though this very fast computation leads to some approximations, it can be used
for animating numerous characters concurrently while taking some dynamic ef-
fects into account: bending the body while turning, climbing the trunk while
walking on a leaning ground, hanging heavy objects. ..

In the future, this method should be extended to deal with local adjustments
instead of global ones. Moreover, with the method presented in this paper, this
character reacts instantaneously to external perturbations whereas some latency
occur in real world. We should also take this latency into account, otherwise the
character may look like superman in some cases.
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Abstract. Synthesis-by-Example (SBE) approaches have been success-
ful at animating characters in both research and practice (games). These
approaches assemble motions from pre-recorded examples, usually mo-
tion captured or keyframed. To date, the methods have relied on a small
set of simple, generic building blocks for assembling the motions. To
meet the increasing demands for better character movement and control
in games, the approaches will need to evolve. An obvious path to address
these challenges, employing increasingly large collections of examples, is
enabled by recent research. However, scaling up the number of examples
is unlikely to sufficiently scale up the quality of the character animation.
Methods that make better use of examples will be required.

1 Introduction

Human (or human-like) characters are important in many types of computer
games and interactive simulations. Often, the movements of these characters are
created by an example-based approach where pre-recorded clips of movement,
either from motion capture or keyframing, are assembled as needed. While these
Synthesis-By-Example (SBE) approaches have been extremely successful in re-
search and practice, future applications (e.g. improved games) will have increased
demands. In this paper, we consider how the (SBE) approaches may evolve to
meet these new needs.

Creating the movements for game characters is difficult. Animating human
characters is difficult in general: human movement is incredibly complex, di-
verse, and subtle. People can do many things in many ways. Even simple, ev-
eryday actions like walking involve the complex coordination of many degrees
of freedom, and involve an amazing degree of subtlety. Movements can convey a
large amount of information in this subtlety: from watching someone walk, we
can often get a sense of their mood, their personality, their intent, etc.

Interactivity (e.g. in games) provides another set of challenges. While many
games include scripted “cut-scenes,” most game play involves a player’s action
(or other unknown factors) and therefore cannot be determined ahead of time.
Characters’ movement must be responsive to the unfolding situation in the game,

* Or keyframe animated motion.
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whether it is under the direct control of the player or otherwise. Games often
involve longer durations requiring large amounts of animation.

There are two main strategies for creating game character motion: algorithmic
(model-based) synthesis and synthesis by example (SBE). The key ideas contrast:
algorithmic synthesis focuses on creating specialized techniques based on an
understanding of movement, while SBE methods employ generic algorithms that
avoid understanding the movement, treating it as generic data that is combined
by simple, generic procedures. In practice, a spectrum of approaches blends these
extremes.

Much of the success of current game character animation stems from the
use of SBE approaches. As will be discussed in Section 2] examples provide a
number of advantages for animation creation. SBE approaches (§3) have been
successful in research and practice as they preserve these advantages. However,
future games will need better character animation (§4)). Improving the results of
an SBE approach typically means using a larger set of examples, but while the
enabling technologies for this are in place, this strategy is unlikely to scale (§h]).
Instead, we are likely to need to improve the methods used in SBE, some first
steps in this direction are discussed in Section

2 Why Examples?

The central idea of example-based, or data-driven, approaches to motion is that
the movement is obtained from some outside source (like capturing the motion
of an actor or having an animator create keyframes). The movement data is just
data: a set of measurements that can be replayed. There is no “model” of the
movement to explain why a particular set of data is the desired motion. All of
the complexity and subtlety is stored in the data.

Examples avoid the need to model the movements to be created. High quality
movement can be created without understanding the complexities and subtleties.
Given enough time and effort, it may be possible to model a particular motion
algorithmically. It is unclear how well the effort for any particular model applies
to other motions. Modeling motion is difficult to scale to large repertoires or
diversity of styles.

In contrast, example-based approaches readily scale to diverse sets of move-
ment - all that is required is to obtain more examples. An actor (or a keyframe
animator) is capable of an amazingly wide range of actions and styles, and
can quickly produce many examples of movement. More significantly, example
creation provides artistic control. Motion capture involves a partnership and
communication between the actor, the director, and (to a lesser degree) the
technologist. The actor and director can work together to create the necessary
movement, without having to figure out how to explain it in sufficiently concrete
terms that it can be encoded algorithmically. The beauty of example-based ap-
proaches is that they put creative control over the motion into the hands of the
artistic team.
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3 Synthesis by Example

By themselves, examples provide only the specific motions that are recorded.
Synthesis-by-Example approaches create new motions based on a collection of
pre-recorded examples.

Any synthesis approach involves some amount of algorithmic process, and usu-
ally data. We use the term Synthesis-By-Example (SBE) to refer to approaches
that attempt to stay close to the model-free, data-driven concept. The spirit of
such approaches is that they tend to be model-free: motions are just sets of num-
bers that are combined using simple, generic algorithms. The specifics and com-
plexities of different movements come from the data. In contrast, Model-Based
approaches encode more of the movement algorithmically. SBE approaches main-
tain the advantages of examples: movements are primarily specified through the
examples, allowing for a diverse range of movements to be created, and for these
movements to be specified by the artistic team.

Synthesis-By-Example approaches generally combine example motions in a
few basic ways. These basic operations, such as blending or sequencing, are not
necessarily simple: finding a motion that is “halfway in-between” running and
sitting, or a transition between walking and a handstand, can be as difficult
as creating the initial examples themselves. However, the space of motions is
generally smooth: that is, small changes to valid motions are likely to be valid
motions as well. Therefore, if motions are similar, combining them is easy. Basic
mathematical operations, such as blending or sequencing, provide reasonable
motions when provided with appropriate data.

Synthesis-by-Example methods generally use simple techniques for combining
motions, but apply them only where they are likely to lead acceptable results.
Almost all SBE is based on the same building blocks: motions are blended (gener-
ally by linear combinations of individual parameters), concatenated (often with
transitions in between), layered (per-channel adjustments are phased-in and -
out), and transformed (positioned spatially and temporally).

Much of the limitations of SBE approaches stem from the simplicity of the
building blocks: because the basic techniques are only likely to work on appropri-
ate example motions, their applicability is limited. Since the techniques generally
only apply to create small changes to motions (e.g. to transition or blend between
similar motions, or to make small adjustments to an example), the achievable
results must be similar to the source examples. Phrased differently: without a
model to provide an understanding of why an example is desirable, a method
must be conservative in how it deviates from the example since it cannot know
what in the example must be preserved.

While SBE methods all share the same basic building blocks (e.g. blending,
concatenation) for combining motions, they differ in how these building blocks
are used. These combination methods are only one of three aspects of an SBE
method. Additionally there must be preparation to determine what data can be
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combined and control to determine how to use the combinations to assemble the
necessary motions. There is much more diversity in these other aspects of SBE.

3.1 Synthesis-by-Example in Games

The use of pre-recorded pieces that are assembled to create interactive ani-
mations in games certainly predates the use of motion capture. However, the
demands of motion capture pushed the techniques. With motion capture data
(or 3D animated characters in general), the pieces needed to be assembled more
carefully to maintain visual quality (or at least avoid objectionable artifacts). As
the early pioneers developed the use of motion capture in games, they also had
to develop the basic foundations of the synthesis-by-example approaches to use
these results. Unfortunately, there is little record of these early developments

By the mid-1990s, synthesis by example systems were applying motion capture
to characters in gamedd. Transition graphs were planned out in advance, and
manually constructed. Tools for supporting graph design were in use at least far
back enough to be used for games released in early 1996 [5], although the first
published description of a graph construction tool seems to be much later [6].
Even in this early era, blending was used both to create transitions as well as to
create more precise control (e.g. blending left and right to create gradated turns),
although most early blending was pre-computed because it was considered too
costly to be done at run time[5].

Modern game characters have evolved from their early origins. However, they
are still (often) built from the same basic SBE building blocks. Modern charac-
ters usually have a discrete set of actions, where each action has a continuous
parameterization. For example, a character might be able to punch and kick
to various locations and walk with various turning curvatures and speeds. Such
characters still employ a transition graph to specify which actions can follow a
given one, but the graphs describe parametric ranges of movements, rather than
specific examples. The motions for the parametric actions might be created by
any number of methods, such as blending examples together or making layered
adjustments to a single example.

The key to practical application of synthesis by example approaches has been
the careful planning and manual labor in preparing the data such that the exam-
ples work together[II7]. Developers carefully choose what movements to acquire
(either capture or hand animate), carefully plan these movements so that they
can transition or blend as needed, carefully choose the blends and transitions
to facilitate the necessary control over the character, and carefully perform the
movements to create examples that can be connected.

! Published accounts of the early motion capture, such as [I] or [2I3/4], generally focus
on the development of the capture hardware, the application of data to character
models, or film applications. Most of my knowledge of this “folklore” of motion
editing history comes from conversations with the pioneers. In particular, Mark
Schafer has graciously provided me with some specifics of the history at Acclaim.

2 Tt is difficult to pinpoint the exact origins, since games used motion capture for
cut-scenes and promotional animations as well.
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3.2 Synthesis-by-Example in Research

Synthesis-by-Example approaches have evolved differently in research than in
practice. The same basic building blocks of blending, layering, and concatena-
tion are used. The introduction of these methods to the research community
(for example, blending [SI9UTOITT] or layering [I2I13]), often came after they had
already been deployed in practice. While there are examples of efforts to provide
improved building blocks, such as better transition generation [I4] or alternate
blending schemes [I5], most work on synthesis-by-example approaches has fo-
cused on making use of the same basic building blocks for combining motions as
used in practice.

Where research has deviated from practice is in the application of automa-
tion and more advanced algorithms for the preparation of the examples and
the creation of control strategies. For example, the “motion graph” approaches
[T6/I7IT8] (and their successors) distinguish themselves from their predecessors
by automatically searching through a repository of motions to find potential
transitions to introduce. This opportunistic graph construction avoids the labor
of identifying transitions and offers the potential for reducing the planning ef-
fort. However, the unstructured nature of the resulting graphs makes the control
problem more complex. Research has addressed this challenge with a wide range
of search strategies.

Reducing the need for planning and manual labor through automation and
clever control strategies is a common theme in SBE research. For example, [19]
shows how the alignments required for blending can be determined automatically.
This automation not only saves labor, but allows for the creation of blends that
would be impractical to create manually. In an extension of the approach, [20]
shows how a database of motions can be searched to find appropriate examples
to blend and provides an automatic way to build the control strategy that maps
parameters to blending weights. Again, this not only significantly reduces the
amount of effort required to create parametric actions, but also extends the range
of where blending can be applied. The ease with which parametric actions can be
built allows for easy experimentation, which often leads to surprising examples.

Another aspect of SBE that has been automated in research is the design of
controls (choosing which examples to combine and how). The search strategies
demanded by unstructured graphs have lead to entirely new control paradigms.
For interactive control, pre-computed search [2TJ22] and optimal control [23]
methods automate control mappings even in situations where the example col-
lection is not carefully planned. Automatic blend parameterizations [20] allow
for precise control of blends even when the example set is irregular.

4 The Needs for Better Game Animation

While character animation in games is quite advanced, improvement is still im-
portant. In current games, the quality of the movement of characters already lag
other aspects, particularly the visual appearance of the environments. Advances
in interactive rendering that exploit increasing hardware resources (GPUs) are
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widening the gap. If nothing else, movement quality must improve so that char-
acters don’t look out of place in the well-rendered scenes.

Characters with more convincing movement can better add to creating com-
pelling visuals, and provide game designers with more flexibility to create a wider
range of compelling experiences for players. However, to provide for this range
of future games, the technology to animate character must provide:

More quality - the characters’ movements should meet the designer’s goals for
the visual style that creates the experience. For example, if a game’s design
is meant to be realistic, the characters in the game should move realistically.

More actions - characters should have richer repertoires, and ultimately be
able to do (at least) the range of things that actors can do.

More styles - characters should be able to do these things in the entire range
of ways that people do them, as these differences are often important.

More subtlety - the differences in the ways that things are done can often
be quite subtle. Conveying these subtleties is important for communicating
things such as mood, intent and personality. Current games generally rely
on other means (such as narration) to convey this.

More situated - the characters’ movements must relate correctly to their sur-
roundings, otherwise the illusion of the character inhabiting its world is
broken. This requires a degree of precision in motions: if connections (such
as contacts) are not exact, they are a very visible reminder.

More responsiveness - characters should respond quickly to their control (e.g.
a player’s commands or other occurances in their environment).

While the current technologies allow for excellence in some of these categories,
this excellence usually comes at the expense of other attributes. For example,
it is possible to make a character with very high quality movement if its range
of actions is very small, or is unresponsive - the cut scenes in games often have
very good motion.

5 Using More Examples

The results of SBE can be improved by using larger sets of examples. Larger
sets of examples help improve many of the aspects of character animation:

More actions and styles - most obviously, having a wider range of examples
is the primary (possibly the only) way to extend the range of actions and
styles the character is capable of.

More quality, subtlety and artistic control - more examples means that
whatever motion is going to be created is more likely to be close to an
example. Deviation from the examples is the source of loss of quality (because
the examples are given by the artistic team and express their goals).

To see how increased example sets can help, consider a simple example: a
character walks up to a bookcase and grabs a book. With a single example,
an SBE approach might use IK to reposition the hand to reach different
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places on the book shelf, and then to propagate these changes to neighboring
frames. If many examples are provided (i.e. having examples of a person
reaching to multiple locations), the other variability in the movements can
be captured. For example, a person might move differently to read a higher
object, and their eyes need to find the book before they can grab it. While
it may be possible to algorithmically encode these details, each would need
to be identified, understood, and implemented.

More responsiveness - a larger example set provides more options for syn-
thesis methods to create motions, so it is more likely that a choice will be
readily available when a change is necessary.

Fortunately, technological improvements have facilitated obtaining and using
larger example sets. The equipment and software for motion capture and post-
processing makes obtaining more examples practical. The wider availability of
the equipment reduces the limitations in the amount of capture possible. At run-
time, data storage is becoming more plentiful and motion data is very compact
relative to other assets like sounds and textures.

Automation in the authoring tools, as described in Section are better
able to scale to larger number of examples. Automatic tools not only reduce
the amount of labor to process the data, they also reduce the required planning
and can provide results that cannot be achieved manually, such as very complex
blend spaces, accurate blend parameterizations, or near-optimal control.

5.1 Why Example Sets Cannot Scale

One possible stumbling block for increased motion usage is performance. While
modern games (especially consoles) have considerable processing resources, they
are often constrained in the amount of bandwidth available to access examples.
Also, motion synthesis is only one aspect of a game whose computing resources
are growing. Increased computational abilities have raised player expectations
about rendering quality, visual complexity, and artificial intelligence, all of which
demand increasing amounts of processing resources. To retain practicality, the
memory bandwidth requirements of SBE methods needs to be considered more
thoroughly as example sizes scale.

A more challenging issue is unintended variation in the examples. Some of
this comes from limitations in the combination processes. For example, in the
bookcase scenario above, in order for blending to work, the character must al-
ways initiate the reaching motion with a step on the same foot. More subtle
variabilities may not cause failures, but instead have unintended consequences.
For example, imagine a walking character created by combining footsteps found
in an example database. While the large example set may provide a diverse range
of steering and speeds allowing for a very controllable character, every footstep
has its own story. For example, on any given example the actor might be more
or less tired or distracted, have a more or less clear idea of where they are going,
or may have stumbled or twitched. As SBE chooses different examples for each



More Motion Capture in Games 89

step, it may mix these storiedd. The degree of quality assurance to insure the
regularity of the examples may preclude large example sets.

All of the variabilities could be viewed positively: all of the differences between
motions might become parametrically controllable. There are several reasons why
such an approach is unlikely to scale. First, existing methods for automation are
not good at identifying and parameterizing the more subtle variability. Second,
the different parameters aren’t necessarily orthogonal. Third, tradeoffs between
differences are difficult to compare (is it better to pick an example that is similar
in tiredness, personality, or position?). Fourth, as the number of parameters
grows, the space of possibilities grows exponentially. This leads to increased
demands on the number of examples required to adequately sample the space
and the methods for controlling within it.

The inability of SBE approaches to deal with high dimensional parameter
spaces is likely to be the ultimate limitation on its scalability. To create truly
expressive and responsive characters, a myriad of properties need to be controlled
for any particular action. In games, it is easy to see a slippery slope of wanting
more and more parameters to be controlled: a walking character should be able
to turn, vary its speed, step up/down on obstacles, have varying levels of injury,
have varying levels of intensity /focus, ...

The curse of dimensionality is a final limiting factor of the standard SBE ap-
proaches. While automation might help the methods scale to larger example sets,
it cannot help them scale enough. Example sets would need to grow exponentially.

6 Scaling SBE Methods

The previous section argued that increasing the size of the example sets used
in SBE methods is unlikely to scale to the needs of future applications. Similar
arguments have been made by several others in this workshop (c.f. [24125/26] ).

The power of example-based methods to allow for artistic collaboration to
specify desired movement properties by example means that the SBE approach
is unlikely to go away. Purely algorithmic approaches, in some sense the antithesis
of example-based ones, still must somehow engage collaboration with the artists,
designers, and directors who provide the vision of the movement requirements.
While Perlin has shown great progress in creating parameterized algorithmic
controllers at this workshop [25], it is unclear how well this approach will scale to
large repetoires, movement styles, or ranges of visual style (including realism). It
takes a very expert programmer to understand movement well enough to devise
algorithmic synthesis processes, and the need to make these flexible enough to
meet an artists’ stylistic wishes even further complicates the problem.

I believe that the future of technology for animated characters in interactive
systems lies as a hybrid of synthesis-by-example and algorithmic approaches.

3 Sometimes, coherence in the variability can lead to unusual outcomes. In one capture
shoot, left turns were captured in the morning and right turns at the end of the day,
yielding a character that looked tired whenever they turned right.
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There are two different ways in which the “pure” approaches may mix: using more
sophisticated methods for combining examples and using collections of data to de-
rive algorithmic controllers. Examples of both paths can be seen in the literature.
Popovié’s presentation at this workshop [26] provides a particularly compelling
example of how an algorithmic controller might be derived from examples.

Here, I provide two brief examples from our group’s worlkf] that illustrate
these hybrid approaches. In the first example, the standard set of methods for
combining examples is extended, providing a mechanism for scaling to a broader
repertoire without a commensurate expansion in the example set. In the sec-
ond example, an algorithmic synthesis procedure is derived from data. While
the strategies are quite different, they both represent attempts to provide more
scalable SBE approaches.

6.1 Splicing Actions

Different parts of a character might perform different actions simultaneously. For
example, a character might wave, carry a box, or stare in a particular direction at
the same time that they walk, stand or sit. This creates a potential combinatorial
explosion of possible things a character might do (i.e. stare to the left while
standing, carrying a box, tapping the left foot). When limited to the traditional
mechanisms for combining examples, examples are needed for each combination.

Being able to partition the parts of a character and provide independent exam-
ples (or motion synthesis methods) for each avoids the need for all combinations.
For example, if we could consider the upper and lower body separately, we could
have a set of example upper body actions (e.g. wave, salute, carry a box, hold
a coffee cup) and lower body actions (e.g. walk and run with various turns and
speeds) without having examples of all n? combinations. Splicing methods as-
semble movements for a character from independent sources of movement for
each part.

Adding splicing to the set of methods used to create SBE offers a mechanism
for greatly reducing the number of examples needed. However, when multiple
actions are performed simultaneously, they do interact (e.g. carrying a heavy
box changes the way one walks). Creating these couplings can be challenging.
Simple splicing methods do not provide the proper couplings, and therefore often
look wrong. However, splicing is so useful that these simple splicing methods are
commonly used in practice in games despite the quality problems.

The diversity and complexity of couplings between body parts suggests that
a general solution for splicing may be illusive. To date, researchers have focused
on creating splicing methods for specific parts and situations, such as hands
[28]. In [29] we presented a method for splicing upper body motions onto lower
bodies in the specific case where both examples come from locomotion. The
method works by specifically identifying important types of couplings, including
posture, coordinated timing, and spatial alignment, and taking specific steps to
make sure that each coupling is properly established in the result.

* The research described in these sections is part of the Ph. D. thesis research [27] of
my former student, Rachel Heck.
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Splicing can serve as a building block for synthesis-by-example, along side
the more usual blending and concatenation. By building SBE approaches with a
richer set of building blocks, there is a potential to achieve greater performance
(in terms of result quality, repetoire range, range of stles, etc.) without an explo-
sion of examples. However, our splicing method lacks the simplicity, genericness,
and broad applicability of the “pure” SBE approaches. In a sense, our splic-
ing technique shows a mixture of a model-based and example-based approach:
understanding of a specific class of motions was used to create an algorithmic
synthesis method that relies on data.

6.2 Gaze Control

It is important to be able to control the gaze direction of an animated character.
To an observer, shifts in the location or direction where a character is looking
might not only indicate a shift in attention but can also convey a person’s goal
before they act on it.

Effective control of the gaze direction is complicated. The gaze direction is
determined by the orientation of head, as well as the eyes. To look in a particular
direction, a person might adjust their torso and neck (in order to orient the head),
as well as move their eyes. The timing and coordination of these movement are
also complicated, as the eyes can move much more rapidly than the head, leading
to a progression where they move first, and usually overshoot the target. The
specifics of the movements depend on the direction, the size of the change, and
even the individual and their mood (e.g. different people have different ranges of
motions and preferences, and may react differently if they are tired or scared).

Gaze control would be very difficult with standard SBE approaches. It adds at
least 2 new parameters to any movement (the direction of gaze). Providing good
control would require not only sufficient examples to allow for the range of gaze
directions, but also to allow for the range of gaze timings (i.e. a character might
look in a particular direction at a particular instant). The number of examples
required to create such a diverse space of possibilities would be prohibitive.

We have developed a technique for controlling the gaze of an animated char-
acter, described in Chapter 5 of [27]. Given the character’s motion and a gaze
target (a direction at a particular time), the motion is adapted to meet the
gaze target. The technique uses a specifically designed model of gaze motions,
built from an understanding of the psychological and physiological principles in-
volved. In many ways, the technique shows the traditional process of algorithmic
synthesis development: where a programmer gained an understanding of a par-
ticular movement and encoded this understanding into an algorithmic process
with appropriate controllability. In this case, the algorithmic synthesis produces
a change to an existing motion (that is added by layering).

Our gaze technique also employs an example-based approach to achieve in-
dividual and/or mood/style variability. Motion capture data of an actor per-
forming a number of examples of gaze movement is used to generate a set of
parameters that are used by the gaze controller. Effectively, the algorithmic
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model is built from example data. The gaze technique exemplifies the broader
goal of deriving algorithmic control is from example data.

7 The Future

A great actor provides a director/producer with an amazing range of possible
actions and movement styles. Computer animated characters extend this flexi-
bility in other ways, such as providing for different visual styles (e.g. realistic,
cartoony) or responsiveness tradeoffs. The greater range of character animation
makes more tools available for designers to create better interactive experiences.
The technology to drive future game characters will need to be more like a great
actor, providing game developers with a powerful and expressive component to
create better games.

These future game characters will require technology beyond what is currently
available. Examples are still likely to be useful, as they enable a designer or
director to specify the movements that they want, as well as providing an effective
way to create the necessary diversity of actions and styles. However, current
synthesis-by-example approaches with larger sets of examples are unlikely to
scale to meet to meet the challenges. New methods that can make more use out
of a compact set of examples will be required.
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Simulating Interactions of Characters
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Abstract. It is difficult to create scenes where multiple characters
densely interact with each other. Manually creating the motions of char-
acters is time consuming due to the correlation of the movements between
the characters. Capturing the motions of multiple characters is also dif-
ficult as it requires a huge amount of post-processing of the data. In
this paper, we explain the methods we have proposed to simulate close
interactions of characters based on singly captured motions. We pro-
pose methods to (1) control characters intelligently to cooperatively /
competitively interact with the other characters, and (2) generate move-
ments that include close interactions such as tangling the segments with
the others by taking into account the topological relationship of the
characters.

Keywords: character animation, motion capture, crowd simulation.

1 Introduction

Scenes that multiple characters densely interact with each other are common in
daily life. Such scenes include multiple people carrying luggage together, one per-
son holding the shoulder of another injured person and helping him/her walk, a
group of people fighting or playing sports such as wrestling, rugby, or ice hockey,
and people dancing in a densely crowded hall sticking their body together. Con-
trolling each character under such environment is difficult as the motion of one
character affects the motions of all the people in the scene.

(b) ()

Fig. 1. The close interactions of human characters that we cover in this paper: (a) A
character chasing another character taking into account the benefits in the future, (b)
two characters carrying luggage together, and (c) two characters wrestling

A. Egges, A. Kamphuis, and M. Overmars (Eds.): MIG 2008, LNCS 5277, pp. 94 2008.
© Springer-Verlag Berlin Heidelberg 2008
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Currently, the cost and time required to create such scenes are enormous. Such
motions need to be either created manually or using the motion capture system.

Manually creating a scene of multiple characters is time consuming as each
movement of the characters is correlated with those of the others. One amend-
ment results in a number of updates in the scene. Suppose an animator is editing
a scene where one character is knocking down another character. If we need to
edit the punching motion of the attacker, by changing the position and timing of
the punch landing onto the opponent, then we also need to edit the motion of the
opponent being knocked down, by changing the way it gets hit and falls down
onto the ground. If the two characters are repeatedly attacking / defensing, the
amount of work becomes enormous.

Capturing the motions of multiple persons in the scene at the same time
using a motion capture system is another solution to create such an animation;
however, for scenes as fighting, this is difficult due to the intrusiveness of the
motion capture system, occlusions, and the intensive interactions that affect
the performance of capturing. Think of using an optical motion capture system
to capture two boxers seriously sparring. In the beginning, they actually never
seriously hit each other as markers are attached to various parts of their bodies.
Athletes are sensitive to such an unusual condition and they cannot perform in
the way they usually do. Although it is difficult, suppose the boxers overcome
such pressure and start to spar at close distance seriously. A lot of markers are
occluded by the arms, head and torso of each boxer as they are hitting each other
in a very close distance. And finally it will be found out capturing serious intense
sparring is almost impossible as the markers are flying away from their bodies
when one fighter’s arm hits/rubs the surface of the other’s body. The situation
will be similar or even worse when magnetic / mechanical motion capture systems
are used, as they are even more intrusive than the optical system.

Therefore, we take a more practical approach; we capture the motion data
individually, and simulate the interactions by controlling the characters using Al
techniques. In that case, the problems of occlusions and post-processing become
much easier to handle. We can also produce combinations of actions which are
difficult to be captured due to safety. In this paper, we introduce our previous
work to generate animation of multiple characters closely interacting with each
other. We simulate competitive interactions such as chasing, fighting and playing
sports, as well as cooperative interactions such as carrying luggage together.
Three methodologies are presented:

1. Simulating Competitive Interactions using Singly Captured Mo-
tions (Section 2). First we explain a method to generate a realistic scene
of characters interacting in a competitive environment with a method simi-
lar to controlling computer-based players in chess. We expand the game tree
and evaluate the interactions of characters taking into account the rewards
in the future. This method is effective to simulate scenes such as fighting
and chasing.

2. Simulating Interactions of Avatars in High Dimensional State
Space (Section 3). Although the above approach is effective to simulate
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realistic interactions between the characters, it is difficult to apply it to
real-time applications such as 3D computer games. This is because game-
tree expansion requires exponential computational time. Here we explain
a method to create and utilize a finite state machine which is effective to
control computer-controlled characters in real-time.

3. Creating tangled motions (Section 4). In the previous approaches, we
mainly focused on instantaneous and impulsive interactions. In some cases,
we need to handle interactions where a character tangles its body segments
to those of the others, such as when piggy-backing another person, giving
shoulder to an injured person to walk, or playing wrestling. Here we explain
a method to create such motions by taking into account the topological
relationships of the characters.

2 Simulating Competitive Interactions Using Singly
Captured Motions

In this section, we explain the overview of our method to simulate interactions
of characters by expanding the game-tree and evaluating the status of the char-
acters in the future. For the details of the techniques, the reader is referred to
[8]. By using this method, the characters make intelligent choices taking into
account their rewards in the future. As a result, the interactions between the
characters appear more realistic than when using emergent approaches such as
flocking.

The outline of the method is shown in Figure 2l We first capture the motions
of subjects individually using optical motion capture systems (Figure 2 left-
most). The captured motions are segmented and classified into semantic groups
such as “straight punch”, “kick” or “parry” automatically. Using the annotated
motions, we generate a data-structure called action-level motion graph (Figure
2 left middle), which is a motion graph structure whose actions are annotated.
In order to control the characters in an intelligent way, it is necessary to make
the character predict how the opponent will react to its action, and decide the
next action based on its benefits in the future. In order to do this, we expand
the game tree, and assess the status in the future using an evaluation function
(Figure 2 right middle). Finally, the character selects an action that maximizes
its rewards in the future, and launches its action (Figure 2] right most).

We propose a new algorithm called the temporal expansion approach which
maps the continuous action planning to a discrete space so that turn-based
evaluation methods such as min-max algorithms and a — 3 pruning can be used.

In order to simulate realistic interactions of the characters, we propose to use
a table that pairs actions. In this table, the appropriate actions that need to be
launched when the opponent character is undergoing some specific actions are
listed. For example, for each entry of the attack, the appropriate defense motions
together with the best timing to launch them are listed.

The users can easily specify how the scene should appear by tuning param-
eters. Every character is guided by an objective function, and it is possible to
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Fig. 2. The outline of the proposed method to simulate competitive interactions: (1)
capture the motions of characters individually (2) generate the action level motion
graph (3) evaluate the interaction by expanding the game tree (4) simulate the com-
petition by physically-based animation

set up a scenario of the competition, or control the way the character competes
by tuning the parameters of its objective function. For example, in case of fight-
ing, it is possible to simulate various fighting styles, such as being more passive,
aggressive, or preferring kicks than punches by changing the scores given to the
characters when they successfully attack or defend. By giving higher scores to
both characters when they follow a path while fighting, both the characters will
tend to do so.

2.1 Experimental Results

We have simulated various competitive interactions of the characters to show
the effectiveness of our method. We have created examples of boxing matches.
The strength of each fighter can be adjusted by changing the depth of the game
tree expanded. We can also adjust the parameters of the characters to simulate
different styles of fights, including outboxing and infighting (Figure B (a),(b)).

(c)

Fig. 3. Some of the screen shots of the simulated fights: (a) Infighters fighting at very
close distance, (b) outboxers at long-range distance, (c) the fighters following a path
while fighting, and (d) one avatar chasing another

Next, a scene two fighters moving along a predefined path while fighting was
simulated (Figure Bl (¢)). The path is modeled as a series of check points.

Finally, a scene where an avatar chases another was simulated (Figure[ (d)).
The movements of both avatars are based on the running-around motion. The
preferred distance of the chaser is set short and that of the avatar who is running
away long. Moreover, based on the scoring function, high score is given to the
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Fig. 4. Two green avatars chasing the blue avatar. The green avatars cooperate with
each other to catch the blue avatar.

chaser when it catches the other avatar. As a result, the chaser tries to approach
its opponent while the opponent tries to get away. We also simulated a scene
where two avatars chase one avatar. In this case, the game tree is composed
of nodes and edges which represent the actions of three avatars. The chasers
cooperate with each other to catch the avatar who is running away (Figure []).

3 Simulating Interactions of Avatars in High Dimensional
State Space

In this section, we explain our method to control non-player-characters (NPCs)
of 3D computer games to intelligently interact with human-controlled characters
in real-time. For the details of the techniques, the reader is referred to [7].

The method based on game-tree expansion explained in the previous section
requires exponential computational cost. As a result, it is difficult that method
for controlling NPCs in 3D computer games.

Reinforcement learning enables real-time optimal control of characters. It has
been used to control pedestrians to avoid other obstacles/characters walking
in the streets [3JI0], control a boxer to approach and hit the target [4], make
the transition of actions by the user-controlled character smooth [5] and train
a computer-controlled fighter in computer games [I]. However, there are two
problems that we face when we try to use reinforcement learning to control
human characters intelligently when they are interacting with another character.

First of all, the state space is too large. The state space increases exponentially
proportional to the number of parameters. Parameters such as the action the
character is undertaking, its body position and orientation, and the timing to
launch the action are going to form the state space. The number of parameters is
going to double if there are two characters. As a result, it is difficult for existing
adaptive learning techniques such as Q-learning [I1] to explore the whole state
space to search for optimal policies.

Another problem is that the way the people behave change according to vari-
ous factors such as their mood, habits, and preferences of actions; however, pre-
vious animation techniques used “on-policy” [9] reinforcement learning methods,
which require the system to be retrained in case the reward function is changed.
For example, in boxing, there are boxers called infighters who prefer to fight
aggressively in short distance, and use punches such as upper cuts and hooks
more. On the contrary, there are outboxers, who prefer to stay away from the
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Fig. 5. The interactions of articulated characters are generated by maximizing the
reward function defined by the relative pose between characters, the effectiveness of
actions, and/or user-defined constraints. This framework of synthesizing character an-
imation is efficient and flexible enough to make a variety of practical applications
including (a) interactive character control using high-level motion descriptions such as
punches, kicks, avoids and dodges and (b) real-time massive character interactions by
a large number of automated characters

opponent and as a result, prefer to use straight punches which are effective in
long distance. If we train a virtual boxer by an on-policy reinforcement learn-
ing approach, it will not be able to compete well with other fighters who have
different styles of fighting. The system needs to be pre-trained for various types
of fighters, and the policy needs to be switched according to the type of the
opponent, which will be very computationally costly.

Here we make use of the fact that the subspace of meaningful interactions is
much smaller than the whole state space of two characters. We efficiently collect
samples by exploring the subspace where dense interactions of the characters
exist and favoring samples which have high connectivity with other samples.
Using the samples collected, a finite state machine (FSM) called Interaction
Graph is composed. The Interaction Graph is a Motion Graph of two characters.
In order to control the character in an optimal way, a min-max search / dynamic
programming is conducted on the Interaction Graph.

We can simulate various activities by two characters such as fighting, chas-
ing, playing sports, or carrying luggage together. Our method can plan strategic
movements for Non-Player Characters (NPCs) in 3D computer games. For ex-
ample, we can control virtual fighters in boxing games (Figure [F(a)), or the
background crowd moving or fighting with each other in computer animations
(Figure BI(b)), or characters collaboratively working, such as carrying a box

(Figure [Mi(b)).
3.1 Outline of the Method

The procedure of our method can be divided into the preprocessing stage and
run-time stage. The preprocessing stage proceeds as follows:

1. Capture the motions of a single person conducting the target motion and
generate the action level motion graph structure out of the motion data
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Fig. 6. The outline of the preprocessing stage: (left) exploring the state space by fa-
voring states with more interactions and transitions to existing samples (right) an
Interaction Graph created from the collected samples

2. Explore the combined state space of two characters by simulating the in-
teractions of the two characters and expanding the motion tree (Figure
left)

3. Generate the Interaction Graph of the two characters and find the most
appropriate movements of the characters at each node by dynamic program-
ming or min-max search. (Figure [f] right)

Then during run-time:

1. At each state, the corresponding character selects the precomputed optimal
action

2. If the animator/user wants to change the policy/strategy of the control,
the information in the lookup-table is recomputed by re-running dynamic
programming or min-max search. This can be done in a few seconds, and
can be run in background while simulating the interactions

3.2 Experimental Results

We have simulated scenes of fighting as examples of competitive interactions and
scenes of carrying luggage together as examples of collaborative interactions.

In order to show the real-time performance of our system, we have imple-
mented a game-style interface which the user can control an avatar to fight with
the computer-controlled avatar (Figure [ (a)).

For the example of carrying luggage, another interface to move the avatars
to arbitrary directions to avoid being hit by the ball was implemented. Screen
shots of this example are shown in Figure [ (b),(c).

4 Creating Tangled Motions

In this section, we explain our method to simulate close interactions that requires
human characters to tangle its limbs with those of the others. We propose a
method to use Gauss Integrals (GI), which is a concept proposed in knot theory.
For the details of the techniques, the reader is referred to [2].
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(b)

Fig. 7. (a) Using the game style interface, the user can control an avatar to fight with
the computer-controlled avatar by the Interaction Graph. (b),(c) Screen shots of the
avatars controlled to avoid the ball while holding a box.

= A

Individually captured

, Topological relationship ~ Tangled motions
motions

Fig. 8. The outline of the proposed method to simulate interactions of characters that
involve tangling

Animations of two characters tangled with each other often appear in battle
or fighting scenes in films or games. However, creating such scenes is difficult
due to the limitations of the tracking devices and the complex interactions of
the characters during such motions. Here we propose a new method to gener-
ate animations of two persons tangled with each other based on individually
captured motions. We use wrestling as an example.

We propose to use GI to calculate the tangled status of bodies. Since GI
can only calculate the relationship of two strands, we propose a method to ap-
ply it to express the tangled status of multibody structures such as humans.
Once the relationship is specified, the motions of the characters are imported
and edited automatically, so that constraints due to penetration or geometrical
constraints such as keeping the support feet onto the ground are satisfied. The
tangle relationships are also monitored so that the segments do not get untan-
gled. As a result, a scene of two characters interacting with each other can be
generated.

Our method can be used to create motions such as holds and chokes in
wrestling, a helper holding a shoulder of an injured person to walk or a per-
son piggy-backing another person. The motions created using this method can
be used for applications such as computer games and 3D computer animation.
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4.1 Methodology
The overview of our methodology is as follows:

1. The user captures the motions of the two characters individually using a
motion capture system

2. The user specifies the topological relationship of the characters by composing
a template posture with our 3D character posing interface. The postures are
examined by the system and the segments composing the tangles are detected
by calculating the GLI of the segments.

3. The motion data of both characters are edited according to the topological
relationship specified in Step 2.

The flowchart of the algorithm is shown in Figure

4.2 Experimental Results

We have simulated a number of wrestling motions including the Argentine Back-
Breaker (Figure[ (a)), the Rear-Chokehold (Figure[d (b)), and the Octopus Hold
(Figure @ (c)).

Fig. 9. (a) Argentine Back Breaker, (b) The Rear-Chokehold and (c) the Octopus Hold
simulated using our method

5 Summary and Future Work

In this paper, we introduced methods that we have previously proposed to sim-
ulate the close interactions of multiple characters. We have covered interactions
such as chasing, fighting, carrying luggage, and wrestling. We believe the follow-
ing topics are the important areas to further explore:

Simulating scenes where a large number of characters interact, such as one per-
son fighting with many background characters, characters fall onto others like
domino in panic, and multiple characters pass luggage to the person standing
next to it.

Creating a motion graph based on topology: In motion graphs, usually the Eu-
clidean distances of the state vectors based on joint angles or the joint positions
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are used to evaluate the similarity of different postures. Such kind of distance
measures can cause troubles when we animate motions such as wrestling. We can
make use of the topological relationship of the bodies in evaluating the similarity
of postures of two characters, and compose a motion graph based on this distance
measure. It is expected that less penetration of the segments will occur.

Parameterizing the interactions: Currently, we select the actions from a large
set of motions. This increases the state space as there can be a set of similar
motions which are have the same effect to the scene. We can parameterize the
actions [6] from a small set of actions by using interpolation and produce various
interactions out of them.
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Abstract. In a multiplayer online game, multiple players located at different
geographical locations may participate and interact with each other within a
shared game scene through the Internet. Unfortunately, online games generally
suffer from the network latency problem, in particular when the players need to
interact with each other. We have been developing a geometry streaming envi-
ronment to support online gaming. As a player moves around in the game scene,
geometry information relevant to the player are dynamically sent to the client
machine. Such a streaming environment has many advantages, but it also exac-
erbates the network latency problem in online gaming. In this note, we look at
how motion prediction may be used to support multiplayer online gaming and
discuss some problems and issues needed to be addressed. We first present ex-
isting work on motion prediction. We then discuss our previous work on short-
term prediction and our current work on long-term prediction to support online
gaming. Finally, we also discuss our work in combining short-term prediction
with long-term prediction for geometry prefetching.

Keywords: Motion prediction, online gaming, geometry streaming.

1 Introduction

Multiplayer online games have become very popular in recent years, as they allow
users of different geographical locations to participate and collaborate in a game mis-
sion through the Internet. However, due to the existence of relatively high network
latency of the Internet, the action or movement of a player in the game scene of a
multiplayer online game may not be shown immediately to other relevant players in
the game. For example, in Final Fantasy XI [1], which is one of the popular online
games currently available in the market, it may take a second for a player to receive
position updates of other game players. To make the situation worst, each pair of
players may suffer from a different amount of latency and this latency value also
fluctuates in time. Hence, different players may perceive a change at different times.
In order to reduce the effect of such delay in Final Fantasy XI, some restrictions are
imposed on the game itself. First, players can only attack enemy objects, but not each
other. Second, the enemy objects are designed to move very little while they are under
attack by a player. These game rules, however, significantly limit the game features
and the type of games that can be developed.

There are two fundamental techniques to address the network latency problem, mo-
tion prediction and motion synchronization. Motion prediction methods attempt to

A. Egges, A. Kamphuis, and M. Overmars (Eds.): MIG 2008, LNCS 5277, pp. 104{114, 008,
© Springer-Verlag Berlin Heidelberg 2008
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predict the motion status of an object at some future moment [2]. They typically em-
ploy some kind of motion model to model the motion behavior of the objects for
prediction. Motion synchronization methods consider network latency as an unavoid-
able problem in a networked environment and try to minimize the discrepancy of
shared objects among the remote users. To do this, most synchronization methods
also employ some kind of motion model to model the motion behaviors of the shared
objects [3]. They first determine/approximate the network latency value and based on
this delay value, they try to predict the actual position of the shared object.

We have been developing a game engine to support online gaming [4, 5]. The en-
gine is based on dynamically transmitting geometry information to the client machines.
The engine begins with a minimal amount of geometry information surrounding the
location of the player. As the player moves around in the game scene, additional ge-
ometry information are sent to the client for viewing. Each object used in the engine is
formatted in the form of a progressive mesh, which contains a base mesh and a se-
quence of progressive records. The difficulties of such an engine are not only to syn-
chronize the interactions among multiple players but also to make sure that the visible
geometry information are made available before they are needed. Both of them require
a reliable motion predictor.

The rest of this note is outlined as follows. In Section 2, we review the two main
types of motion prediction technique, short-term prediction and long-term prediction.
In Section 3, we discuss our previous and current work on motion prediction for
online gaming. We also present our current work in combining short-term prediction
with long-term prediction for geometry prefetching. Finally, we briefly conclude this
note in Section 4.

2 Related Work

There are many prediction techniques proposed for various applications. In this sec-
tion, we focus our discussion on motion prediction methods. In general, motion pre-
diction methods can be roughly classified into short-term prediction and long-term
prediction. Short-term prediction refers to those prediction methods that are designed
to model a very short term, typically with prediction length of less than one second,
behavior of motion, while long-term prediction methods are designed to model a
relatively longer term, typically over a few seconds or a minute, behavior of motion.
In this section, we summarize existing work on these two types of motion prediction.

2.1 Short-Term Prediction

Majority of the methods developed for short-term motion prediction aim at addressing
the network latency problem. One method is to acknowledge the existence of network
latency by revealing the delay information explicitly to the users [6]. It is then up to
the users to adjust their own actions to anticipate for the delay. Unfortunately, this
method essentially passes the responsibility to the users to handle the latency problem
themselves. The problem becomes even more severe when the latency fluctuates.
Another method is to defer updating an object change until the client with the highest
latency has received the update [7]. This, however, further increases the latency.
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A more popular solution to network latency is dead reckoning [8, 9]. For each shared
object, a motion predictor is run in the host machine as well as in all clients accessing
the object. The host sends out an update message only when the error between the
predicted state and the actual state of the object is higher than a given threshold. In
between updates, the clients approximate the object state using the local motion pre-
dictor. Here, the polynomial predictor is often used as the motion predictor to extrapo-
late/predict future object locations. Although polynomials of any orders may be used,
second order polynomials are most popular. Dead reckoning generally helps alleviate
the network latency problem and also reduces the number of update messages needed
to be sent through the network. However, its performance depends heavily on the
accuracy of the predictor. In [4], an EWMA scheme is used in distributed virtual
walkthrough. The model assigns different weights to past movement vectors, with
higher weights to recent vectors.

In general, the above methods are designed for general motion prediction. There are
a few specialized motion prediction methods proposed for predicting motion of spe-
cific objects. In [10], a predictor for head motion is proposed. It is based on the Kal-
man filter, which was originally used to filter measurement noise in linear systems by
recursively minimizing the mean square estimation error. This method may work with
the polynomial predictor or other prediction model to further reduce the prediction
error. Results show that during rapid motion, the predictor becomes less effective and
its performance is similar to one without using the Kalman filter. Another method is to
use the Gauss-Markov process model to predict head motion [11] and human motion
[12]. In [13], a grey system theory-based predictor, which accuracy is similar to the
polynomial-based predictor with Kalman filtering, is used to predict head motion.
Other than Kalman filtering, sequential Monte Carlo [14] has also been used in motion
tracking. Although this method can approximate arbitrary distribution functions with-
out uni-model Gaussian assumption, it is relatively expensive computationally. In [15],
a double exponential smoothing-based predictor is proposed for predicting head and
hand motion. It is efficient despite its slightly lower accuracy.

In general, specialized prediction methods produce more accurate results compared
with general prediction methods and are more capable of predicting further ahead in
time even if the motion is vigorous. This is because they take into account the motion
behavior of the target objects. The tradeoff is the loss of generality.

2.2 Long-Term Prediction

Methods developed for long-term motion prediction are mainly for mobile networking
or path planning. In mobile networking, motion prediction methods are used to predict
the movement of mobile users in order to provide a smoother handover as the users
move across zones or to improve bandwidth allocation among neighboring zones. An
earlier approach to this considered human navigation as a random process in order to
predict the next zone that a mobile user would likely visit. The area of each zone is
typically in terms of square kilometers and the time staying in a zone is typically more
than one minute. One of the mobility models proposed assumes that the traveling
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direction and velocity are uniformly distributed over a range and independent of each
other [16]. Once the direction and velocity are computed, they are not changed. A
revised method is to re-compute the direction and velocity after sometime [17] or some
distance traveled [18]. In [19], a Gaussian-based random walk model is proposed. [20]
extends the random walk model by assuming that the movement is fast and in a
straight line and the occurrence of such movement is modeled by a Poisson process. In
general, methods of this approach assume that the movement of the mobile users con-
forms to a random motion behavior. Unfortunately, this is rarely true and these meth-
ods may not be able to reflect the actual movement characteristics of the users. To
model the movement behaviour of mobile users more accurately, a better approach is
to use discrete state conditional probability. Given the previous and the current zones
of a user, the probabilities of the user moving to different neighboring zones are evalu-
ated from past history [21, 22]. [23] suggests considering the road topology to obtain a
more accurate prediction. This approach has the advantage that the statistical informa-
tion stored in the zones can be updated independently. However, it only considers the
probability of accessing each neighboring zone.

While the above methods are mainly proposed to handle the handover of mobile
users, there are methods that are proposed to handle bandwidth allocations. One ap-
proach is to record the movement history of each user and use it to estimate future
trajectories. These methods consider the fact that most people tend to take the same
paths when attending some regular activities, such as going from home to office. In
[24, 25, 26], methods are proposed to periodically (e.g., once every hour) record
which zone each user is visiting. The collected information can then be used to evalu-
ate the probability of a user being in a particular zone at a particular period of time.
However, this approach ignores the fact that this probability value is often dependent
on the previous zones that the user has visited. Another approach is to store the exact
paths (or the sequence of zones) in the database that the users have visited and then
use pattern matching techniques to select similar paths. Given an ordered sequence of
zones that a user has visited, the system may retrieve from the database the paths that
are most similar to the visited path. The system may then predict future movement of
the user based on the retrieved paths [27, 28]. To speed up the retrieval process, [29]
proposes a method to reduce the number of paths needed to be examined by consider-
ing the user’s current velocity and travel direction. In general, this approach may be
able to estimate path probabilities. However, it fails if there are no similar paths avail-
able in the database.

In path planning, the objective is to determine an optimal path to move from one
place to another while satisfying some predefined constraints [30]. Moving optimally
may imply minimizing the distance traveled or effort spent. Predefined constraints
can be the requirement to satisfy some physical limits, such as maximum velocity, or
to avoid some collisions with obstacles. The problem can be formulated by construct-
ing a connected graph, (V, E) where V is the set of vertices and E is the set of edges,
with nodes covering the whole environment. Each edge is assigned a weight or cost
value. By applying dynamic programming or the Dijkstra algorithm, the optimal path
can be found. To determine the optimal path that avoids collisions, the probability of



108 R.W.H. Lau and A. Chan

collisions in each zone can be evaluated through prior knowledge [31] or statistics
from samples [32]. Instead of dividing the environments into zones to minimize colli-
sions, [33] proposes to evade moving obstacles by considering their possible trajecto-
ries. It first records the paths of the moving obstacles and clusters similar paths. It
then computes an optimal path that would avoid collisions with moving obstacles as
much as possible. The limitation of this approach is that if the user’s destination or an
overall picture of the environment is not available, it would not be able to determine a
suitable path.

3 Combining Short-Term and Long-Term Motion Prediction

3.1 Our Short-Term Prediction Approach

Our objective of a short-term prediction method for online gaming is to overcome the
network latency. In general, network latency is typically in the order of 0.01s for local
Internet connections and 0.2s for cross-country Internet connections. However, in
situations where a client needs to receive a return message from the receiver, the
delay will be at least double.

As specialized prediction methods are designed to model the motion behavior of
the target object to achieve better prediction performance, they may not be easily
adapted to model the motion behavior of other objects. We have noticed that in desk-
top 3D applications, such as virtual walkthrough and online gaming, the 2D mouse is
still the most popular device used as navigation input. Through studying the motion
behavior of a mouse during 3D navigation, we have developed an elliptic model to
model the motion behavior of the 2D mouse during such navigation and proposed a
hybrid motion prediction method to predict the mouse motion — a linear model for
prediction at low velocity motion and the elliptic model for prediction at high velocity
motion [2]. To map the 2D mouse motion into 3D motion, we decompose the 2D
mouse motion into two time-series, x motion and y motion, and compute the predicted
x motion and y motion in each frame. By mapping the predicted 2D velocity vector
into the 3D scene, we may then predict the future position of the object in the 3D
scene. The elliptic model is defined as follows:

v=K(cos(K, 1) — 1) (1)

where v is the predicted velocity at the predicted time ¢, since the start of the motion
pulse. K; and K, are referred to as the pulse constants. They are the parameters of the
motion pulse and are constants during the period of the pulse.

Figure 1 shows the prediction error of this hybrid motion prediction method (Phm)
as compared with those of two popular predictors, the second order polynomial pre-
dictor (Psop) [34] and the Guass-Markov process model (Pgmm) [11]. In general, the
prediction error increases exponentially as we increase the prediction length. How-
ever, the hybrid motion predictor has a much lower prediction error. With such favor-
able prediction accuracy, we may use it for motion synchronization among the remote
players [3]. We may also use it for geometry prefetching [5] in our streaming-based
game engine.
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Fig. 1. Prediction error of the hybrid motion prediction method

3.2 Our Long-Term Prediction Approach

Our objective of a long-term prediction method for online gaming is more to help
improve resource allocation and optimization, which typically take longer time than
the network latency to complete the operation.

In long-term prediction, we are focusing our effort on developing a statistical
method. It is by dividing the environment into zones (square cells). These zones
form basic units for statistical prediction. We collect statistical movement data of
players moving in and out of each zone. Given the location, x, where a player enters
a zone, we may predict the probability that the player will leave the zone at a par-
ticular boundary location, y, based on the collected statistics as shown in Figure 2.
We model such a probability distribution function f{ylx) as a Gaussian mixture as
follows:

n

fOI)=>" aif(y; C;m) 2

i=1
where n is the number of mixture. fi(y, C; m;) is the i™ Gaussian distribution function

with covariance C; and mean m;, 0 < a; < 1, and 27:1 a, = 1. In other words, the dis-

tribution function is a weighted sum of several Gaussian distributions.

Based on the computed probability values, we may then estimate which neighbor-
ing zone(s) that a player will likely visit next. Figure 3 shows some initial results as
we compare the prediction error of our long-term prediction method with those of two
short-term prediction methods (the second order polynomial and the Guass-Markov
process model) and a long-term prediction method [22]. From the results, our method
seems to perform well compared with all the other methods. We can also see that
long-term prediction methods generally produce high prediction accuracy at high
prediction lengths.
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Fig. 3. Prediction error of the statistical long-term prediction method

Our new long-term prediction method can be very useful, as we may accumulate
statistics from zone to zone to construct a path tree. This path tree shows us the prob-
ability of various paths reachable from the user’s current position. However, this also
leads to a problem of how we should measure the prediction error. With a single pre-
dicted path, we may simply compute the Euclidean distance of the user’s actual loca-
tion from the predicted location. With many potential paths each with a different
probability, it is no longer a straightforward matter to compute the accuracy. For
example, we assume that a user is currently in a zone that shows an exit to the left
with a 60% probability and an exit to the right with a 40% probability. If the user ends
up turning left, should we say that the prediction has a 100% accuracy or 60% accu-
racy? What if the user decides to move upward (instead of left or right)? The situation
becomes more complex as we accumulate the statistics from zone to zone. In Figure
3, we consider only the exit with the highest probability when we measured the error
of our method.

In Figure 4, we show an example path tree. The left image shows an aerial view of
part of a 3D environment of the Central London, while the right image shows the path
tree superimposed on the aerial image. The black square near to the center of the
image represents the zone where the user is currently located and the other grey zones
indicate the probabilities that the user may move into the zones in the near future
(with darker zones having high probability values and lighter zones having low prob-
ability values).
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Currently, we are also investigating two applications of this long-term prediction
method. One is resource allocation and optimization. For example, in a multi-server
environment [35], if we know that a large amount of players will move to a particular
zone at a particular future moment, we may initiate a load balancing process to address
the potential sudden increase in workload of the zone well before the zone becomes
overloaded. Another application of the long-term prediction method is geometry pre-
fetching. If we know that a player will likely move to a particular neighboring zone,
wemay prefetch objects in the zone to the client in advance. With a long-term prediction
method, this will allow us to have much more time to prefetch objects. However, due to
the relatively high prediction error at high prediction lengths, it is possible that a lot of
bandwidth can be wasted prefetching objects that will never be used.

Fig. 4. An example path tree: left image shows part of the Central London while the right im-
age shows a superimposed path tree, starting from the user’s position (the black zone)

3.3 A Combined Motion Prediction Approach

In general, our short-term motion predictor returns a precise predicted location, given
a prediction length. It also produces high prediction accuracy when the prediction
length is below one second. However, when applied to the streaming-based game
engine for object prefetching, its performance can be significantly affected by a few
factors, such as the amount of geometry information needed to be sent, the available
network bandwidth, the CPU processing delay, and the actual network latency. This is
because the delay caused by these factors is comparable with the prediction length of
a short-term predictor. For example, a higher network latency or CPU processing
delay may significantly reduce the amount of time left for object prefetching. A re-
gion with a lot of high resolution objects may also consume a significant percentage
of the network bandwidth for a period of time.
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On the other hand, the long-term motion predictor that we are developing returns
much less precise location information. It only indicates possible regions where the
user may be moving to in the future. At the same time, the prediction accuracy is
also less reliable, compared to that of the short-term predictor at low prediction
length. However, the long-term motion predictor can offer a much higher prediction
length, i.e., can predict much further ahead in time. Hence, when applied to the
streaming-based game engine for object prefetching, it provides us more time to
prefetch objects. However, because the predictor returns much wider regions that
the user may be moving to, prefetching all the potentially visible objects in these
regions can be very expensive and may also use up a large portion of the network
bandwidth.

A major objective for us to develop a predictor that combines both short-term pre-
diction and long-term prediction is to improve the prefetching performance of the
streaming-based game engine. One method that we are considering is to use the
predicted results from the long-term predictor to prefetch objects at some coarse
resolution, e.g., base meshes, while those from the short-term predictor to prefetch
progressive records to refine the prefetched objects. The idea of this is that it is more
important to be able to show at least a low resolution model of an object than miss-
ing it when needed. Hence, the long-term predictor is to make sure that those poten-
tially visible objects, although in large quantity, are made available in the client
machine at some low resolution to minimize the bandwidth consumption, while the
short-term predictor is to try to obtain enough progressive records for each object to
optimize the visual quality. Here, we will need to investigate on how to determine
the appropriate resolutions based on the predicted results and perhaps also on some
dynamic visual factors such as object/zone distance from the player.

4 Conclusion

In this note, we have discussed existing work and our work on both short-term and
long-term motion prediction. We have discussed their features and how they may be
used to help prefetch object in our streaming-based game engine.

From our experience, the prediction error of most motion prediction methods,
whether they are long-term or short-term, is an exponential function of the prediction
length. In general, the prediction error is roughly linear at the beginning as we in-
crease the prediction length. However, after some critical point (referred to as the
critical prediction length), the prediction error increases significant. We have found
that it is the linear region (before the critical prediction length) which is most useful
for prediction, as it provides a predictable performance.

Currently, we are investigating the possibility of using the prediction results from
one predictor to improve the prediction results of the other. We are looking at how to
make use of the long-term prediction results to improve the prediction accuracy of the
short-term motion predictor and vice versa.
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Abstract. The problem of two-character motion control is important,
but has drawn limited attention from computer animation research com-
munity. This paper is intended to highlight this problem to the research
community to attract more attention. We explore research issues in two-
character motion control and discuss our experiences with emphasis on
applications such as coupled dancing and kickboxing.

1 Background

For the last decade, data-driven character animation has been gaining ever-
increasing popularity. From the motion control point of view, however, the main
stream of research has still been on single-character control, in which little at-
tention is paid to interactions between characters.

Two-character interactions are observed as an integral part of our daily life.
These interactions drive a variety of two-charactger motions, for example, ball
games such as tennis and badminton, martial arts such as kickboxing, Karate,
and Taekwon-do, fighting sports such as boxing and wrestling, coupled dances
such as tango and waltz, and so on, to name a few. Two-character motions
are also observed in computer games and animations. However, tow-character
motion control has drawn limitd attention from the computer animation research
community.

In this paper, we aim at exposing this important research problem to the
computer animation research community by closing up the issues in it while also
reporting our experiences in these issues, with emphasis on coupled dancing and
kickboxing.

The remainder of the paper is organized as follows. In Section 2, we review
previous work. Then, we raise issues in two-character motion control in Section
3. In Section 4, we discuss our experiences and intuition. We conclude the paper
in Section 5.

2 Related Work

A characteristic feature of two-character motion control is how to deal with mu-
tual interactions. A primitive form of interactions arises by physical contacts.

A. Egges, A. Kamphuis, and M. Overmars (Eds.): MIG 2008, LNCS 5277, pp. 115-120, |2008.
© Springer-Verlag Berlin Heidelberg 2008



116 S.Y. Shin

Zordan and Hodgins[3] synthesized reactive upper-body motions to various im-
pacts by the opponent in boxing and table tennis, by incorporating physical sim-
ulation into data-driven animation. Zordan et al.[4] later extended this method
for full-body motion. For reactive motions to pushing, Arikan[5] presented a
method for identifying realistic motions. Although being able to synthesizing
reactive motions to external forces exerted by physical contacts between charac-
ters, the above methods did not address their mutual interactions.

Kim et al.[T] presented a data-driven method to rhythmic motion synthe-
sis. They demonstrated an impressive animated scene of ballroom dancing by
multiple couples, each being regarded as a single entity. The motion stream of
each couple was synthesized in accordance with background music while travers-
ing a motion transition graph constructed from captured motion data. Hsu et
al.[2] provided a method to synthesize a stream of coupled dancing motions. The
motion of a dancing character is used as the control signal to search for the cor-
responding motion of the partner from motion databases. The premise for both
methods is that motions of a dancing pair are tightly coupled in both time and
space.

Liu et al.[6] proposed a physics-based method to generate multi-character mo-
tions from short single-character motion clips. A space-time optimization is formu-
lated to find multi-character motions with the constraints that reflect the desired
character interactions. This formulation is intended for off-line applications.

Coupled hidden Markov models (CHMMs) [7] [8] have been commonly
adopted to capture cross dependencies between two or more synchronous sig-
nals such as audio/visual signals[9]. A CHMM models each signal with a set of
states and their transitions. The state transitions for each signal are synchronized
with those of the others.

Recently, Kwon et al[l0] presented a data-driven method for synthesizing
standing-up martial arts such as kickboxing, Taekwondo, and Karate performed
by a pair of characters. Adopting a dynamic Baysian network, the authors were
able to model asynchronous motion transitions while reflecting character inter-
actions captured from example motion data.

3 Problem Statement

Our objective for two-character motion control is to support real-time applica-
tions including video games. Thus a solution should satisfy the following require-
ments:

e On-line real-time performance

e Synthesizing believable motions

e Being flexible enough to accommodate a variety of scenarios (possibly not
preplanned)

These requirements can best be satisfied by data-driven approaches.
A popular data-driven paradigm for video game creation is first to preplan a
scenario, and then to capture and edit motion data according to the preplanned
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scenario. In runtime, captured motion clips are replayed in response to requests
by the users, guided by the scenario. The problem with this paradigm arises
mainly due to dependency of motion data on scenarios.

Two-character motion control deals with two (possibly different) motions si-
multaneously performed by a pair of characters. At every instant of time, the
poses of two characters are specified by at least twice as many degrees of freedom
as the pose of a single character. If two-character motions were simultaneously
considered, a large amount of motion data would be required to cope with the
large dimensionality of the two-character motion space.

Adopting a data-driven approach, we need to address the following issues :

e How to model two-character motions effectively with a limited amount of
motion data

e How to model the interactions between characters

e How to synthesize a wide range of believable motions in an on-line real-time
manner so as to support various scenarios

The first two issues are related to motion analysis while the last issue concerns
motion synthesis.

4 Approaches

In this section, we discuss our experiences by considering the solutions to two
extreme cases, coupled dancing and kickboxing. The both solutions share the
same framework as shown in Figure 1. This framework consists of two parts:
analysis and synthesis. The analysis part addresses two issues, motion modeling
and interaction modeling, and the synthesis part addresses the motion synthesis
issue.

Analysis
Example . :
- Motion Interaction
Mot — . |::> .
B)agn > Modeling Modeling
I
. Synthesis
Motion :>Output
Prescription Motion Synthesis Motion

Fig. 1. Solution Framework
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4.1 Synchronous Case : Coupled Dancing

In coupled dancing, a man leads a woman follower, and the woman tries to follow
the man’s lead to tightly couple their motions, guided by a piece of background
music. Furthermore, the couple moves in accordance with dancing rules, which
limit their moving patterns. Thus, a motion of either person can be used as a
control signal for that of the other. Kim et al.[I] exploited this observation to
present an interesting approach to coupled dancing motion synthesis as shown
in Figure 2.

Fig. 2. Coupled dancing

In particular, only the motion stream of one person is used for motion analysis
while ignoring the other.

Motion modeling consists of three steps: motion segmentation, motion classi-
fication and motion transition graph construction. The approach of Kim et al.[I]
first cuts an example coupled dancing motion stream into short motion seg-
ments based on the beat patterns embedded in the stream. A motion transition
graph is then constructed using only single person’s motion segments, where
a node represents a set of motion segments with the similar logical structure
and an edge represents motion transition. K-means clustering is used to clas-
sify motion into the nodes, and the transition probabilities are learned from
the example motion data based on a Markov random field model. The ap-
proach skips interaction modeling since a motion of a person implies that of
the other. For motion synthesis, the motion transition graph is traversed from
node to node in accordance with music guided by transition probabilities while
generating a single person’s motion segment at each node. This motion seg-
ment is used a control signal to determine the partner’s corresponding motion
segment.
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4.2 Asynchronous Case : Kickboxing

Unlike coupled dancing, kickboxing is quite asynchronous. A player tries to fool
the opponent to seek a chance for an attack or a counterattack. Such an at-
tempt is likely to be most successful when one player moves against the other’s
expectation in both time and space. Thus, a motion of either player may not be
used as a control signal. Kwon et al.[I0] presented a framework for two-character
motion analysis and synthesis with focus on martial arts such as kickboxing as
shown in Figure 3.

Fig. 3. Kickboxing

For motion modeling, we also adopt a three-step approach as for coupled danc-
ing. Our final goal is to construct a coupled motion transition graph by combining
a pair of motion transition graphs for the players with a set of cross edges. Ev-
ery cross edge connects a pair of nodes from different motion transition graphs to
capture an interaction between the players. In order to build each player’s motion
transition graph, the example two-player motion stream is decoupled into a pair of
individual player’s motion streams. Each individual player’s motion stream is sep-
arately segmented and classified into a collection of motion groups, each of which
corresponds to a node of an individual player’s graph. The contact force profile
of the individual motion stream is used for motion segmentation, and multiclass
support vector machine classifiers are used for motion classification.

For interaction modeling, a dynamic Bayesian network is employed to capture
the causal relationships of coupled actions embedded in the example motion
stream. Specifically, the next action of a player depends on the current actions of
both players. These motion transition patterns result from interactions between
the players, which are used as building blocks to obtain a dynamic Bayesian
network. In addition, the contact instants between the players are also captured
to further enhance synthesized motion quality.
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For motion synthesis, a pair of characters exchange actions and reactions via
the cross edges while traversing their respective single-player motion transition
graphs, guided by the dynamic Bayesian network. One of the characters may be
designated as an avatar. This character is controlled by the user in an online
manner. The dynamic Bayesian network is extended to incorporate the control
information such as action prescriptions by the user.

5 Conclusions

Two-character motion control has not yet drawn deserved attention from the
computer animation research community. Although partial solutions were pro-
posed for simple applications, a general solution is far beyond our reach. This
paper is intended to expose the challenging and yet important research problem
while also showing promise by highlighting existing approaches.

Acknowledgements. This work was parly supported by the Korea Research
Foundation, under grant no.D00190.
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Abstract. For situations like crowd simulation, serious games, and VR-based
training, flexible and spontaneous movements are extremely important. Motion
models would be the best strategy to adopt, but unfortunately, they are very
costly to develop and the results are disappointing. Motion capture is still the
most popular way. The ultimate in terms of motion models seems to be data-
driven. Motion retargeting and PCA-based models are well used but they still
rely strongly to Motion Capture. In this paper, we try to analyze the situation
and illustrate it using a few case studies.

Keywords: Motion Capture, Motion Editing, Motion Models.

1 Introduction

Traditionally, Computer Graphics has been arbitrarily divided into three main tracks:
Geometric modeling, rendering, and animation. Looking at descriptions of Computer
Graphics Courses, we may see very often descriptions mentioning: modeling tech-
niques including curves and surfaces, reflection models and illumination algorithms,
and basic methods for animation. This summarizes the trend: there are models for
creating surface-based objects, models for rendering, but very few models for anima-
tion. If we consider the creation of 3D objects, we may easily use as a source the
complete field of geometric modeling. In terms of rendering, the number of available
models is almost unlimited: from illumination models like Phong’s model to ray trac-
ing, radiosity, and point-based models. Unfortunately, the situation is completely
different for Computer Animation. Models are well used for physics-based animation
like cloth animation for example. However, pure motion models are not common for
character animation and when they exist, they are generally not used, because of the
bad results they produce. Treuille et al. [1] state that despite decades of advances,
interactive character animation still lacks the fluidity and variability of real human
motion. Capturing the fine nuances of human motion requires a high-dimensional
motion repertoire and a multivariate space of input parameters which can change
continuously, often unpredictably. To model such fine nuances is just out of scope.
Let us consider the most popular motion: locomotion. Multon et al [2] have pro-
posed a survey of methods to create walking models. They first review procedural
methods based on knowledge-based kinematic animation. Then, they describe at-
tempts to incorporate dynamic constraints in the generation of motion or to use

A. Egges, A. Kamphuis, and M. Overmars (Eds.): MIG 2008, LNCS 5277, pp. 121 , 2008.
© Springer-Verlag Berlin Heidelberg 2008



122 D. Thalmann

dynamic simulation. Lastly, they present approaches enabling the interactive edition
of either captured or synthetic walking motions. This means that the ultimate to model
walking motion seems to be data-driven. Controllers exist, but walking style is de-
pendent on the human size, the human weight, the mood, bags, or type of shoes. No
current model takes into account all these features.

And what is used in movies or even games ? The most common way of creating
animation sequences is still performance animation or motion capture which consists
of measurement and recording of direct actions of a real person or animal for immedi-
ate or delayed analysis and playback. But the use of performance animation has
enormous disadvantages:

e Specific hardware and special programs are required to obtain and process
the data

e Cost of software and equipment and personnel required can be prohibitive

e Motion capture systems may have specific requirements for the space in
which they are operated

e Applying motion capture to quadruped characters can be difficult

e Technology can become obsolete every few years as better software and
techniques are invented

e Results are limited to what can be performed within the capture volume
without extra editing of the data

e Movement that does not follow the laws of physics generally cannot be rep-
resented

e [f the computer model has different proportions from the capture subject, ar-
tifacts may occur. For example, if a cartoon character has large, oversized
hands, these may intersect strangely with any other body part when the hu-
man actor brings them too close to his body. In the same way, feet may enter
the floor if characters’ legs are longer than the human actors’ legs

e  Motion capture does not bring any really new concept to animation method-
ology. For any new motion, it is necessary to record the reality again. More-
over, motion capture is not appropriate, especially in real-time simulation
activities, where the situation and actions of people cannot be predicted
ahead of time, and in dangerous situations, where one cannot involve a
human actor

But, finally the main disadvantage is that it is impossible to use it for animation of
large groups of people like crowds, where we want to have tens of thousands of char-
acters with an individual style of walking.

In the research community, motion capture is also very popular. If we consider pa-
pers on character animation in the Proceedings of SIGGRAPH, SCA, and CASA in
2006 and 2007, we find 37 papers. 12 are pure motion capture papers, 19 are strongly
related to motion capture, 3 present motion controllers based on motion capture, and
only 3 are pure controllers free from motion capture. This is disturbing, when we
think that few papers on shapes are based on scanners and few papers on rendering
need light capturing.

When motion capture is not used, people still consider key-frame animation. But,
real-time systems must react fast enough to events, to keep a good immersion. This is
particularly true when animation should “stick” to sound events, which is deeply
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affected by any delay in the processing. For example, in the case of virtual orchestra,
we need to synchronize the musician’s animation with the corresponding sound. Due
to real-time restrictions it’s impossible to predict the transition of states, and thus we
cannot prepare the right key-frame at a certain time.

2 Case Studies at VRlab

In this Section, we review a few experiences in our Lab, showing the difficulties to
generate flexible and spontaneous motion sequences.

2.1 Avatar against Agent

In this experience, Emering et al. [3] produced a fighting between a real person and an
autonomous actor. The motion of the real person was captured using a magnetic Mo-
tion Capture system. The gestures are recognised by the system and the information is
transmitted to the agent who is able to react to the gestures and decide which attitude
to do. Figure 1. shows a snapshot of a life participant with ten sensors used to recon-
struct the avatar in the virtual scene. The participant performs fight gestures which are
recognized by the virtual opponent, a pure agent. The latter responds by playing back
a pre recorded animation sequence. Because of the lack of a model and a too small
motion database, the actions of the agent were repetitive and not always smooth
enough.

Fig. 1. Action Recognition for the avatar and motion synthesized for the agent

2.2 Training through Virtual Humans

Let us consider now a scenario that we implemented for the need of a medical Euro-
pean project dedicated to the training of paramedical personnel to emergency rescue
[4]. The aim of this scenario was to train the Basic Life Support medical procedure.
The trainee was immersed in a virtual office and discovered a man lying on the
ground. He had to give BLS to the victim by giving orders to a young Virtual Assis-
tant (VA) (Fig.2). The VA possesses all the skills required (mouth-to-mouth, chest
compression) but highly hesitated on the procedure order; this was the job of the
trainee. The latter interacted with the VA to apply his/her theoretical knowledge of
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Fig. 2. Use of a Virtual Assistant for Basic Life Support Training

the BLS procedure. This scenario consisted of a dozen steps. At each step, the trainee
had to make a (fast) decision. It does not present many possibilities because the BLS
guidelines gave no alternative.

In many situations, autonomous agents should work as a team with the user to
solve the problem at hand. In general, there was a plenty of work done on both multi-
agent systems (mostly AI) and collaborative VR (mostly multi-user systems), but
nobody tried to use collaborative agents for VR applications and have them collabo-
rate with the human operator to solve a problem. This approach has a large potential
for training applications (emergency response, medical training, air traffic control,
even military) or for simulations (crowd control for example).

Again, the main restriction in such an approach is the lack of models to achieve
tasks. A typical Virtual Character will only be able to play sequences (motion capture
or key-frame based sequences).

2.3 Reflex Movements

In [5], we developed an observation-based approach to stereotype reaction movements of
the humans. Our case study consisted in a simple reaction movement: make people react
to a ball thrown towards them (Fig.3). Reactions to this kind of situations vary in many
different ways from one person to another; they also vary over time, it means that the
same person will react differently to the same stimulus. This variation depends on the
personality and internal state of each person at that moment. The simplest spontaneous
behavior in human beings produced by external stimuli is the reflex. Reflexes are uncon-
scious movements and are regulated by the nervous system. They can be considered as
the basis of movements or even as the root of human movement.

To synthesize movements, we have used the Inverse Kinematics library developed
in [6]. This tool allows controlling more than one end-effector at the same time. It is
possible to associate a distinct priority level to each effector to guarantee that the most
important goals are achieved first. It also allows setting an engagement of the end
effector joint with its parent joints in different levels. Moreover, we can treat the center
of mass of the body as an end-effector to ensure the static equilibrium of a figure[7].



Motion Modeling: Can We Get Rid of Motion Capture? 125

Fig. 3. Reflex Movements

Combining effectors and their associated weight and priority levels, we can simulate
complex and believable synergistic postures, but this is still hard to make them be-
lievable unless we use motion capture sequences, but this prevents us to change the
conditions like the type of ball for example.

3 Does Physics Solve the Problem?

Dynamics approaches aim to describe a motion by applying physics laws. For exam-
ple, it is possible to use control algorithms based on finite state machine to describe a
particular motion and proportional derivative servos to compute the forces [8]. How-
ever, even if these methods produce physically correct animations, the configuration
of their algorithms remains difficult. It is not easy to determine the influence of each
parameter on the resulting motions. Many methods based on empirical data and bio-
mechanical observations are able to generate walking [9] or running patterns [10],
reactive to given user parameters. Other similar approaches take into account the
environment, to walk on uneven or sloped terrains [11] or to climb stairs [12]. Despite
their real-time capability, all these methods lack realism, as the legs’ motion is con-
sidered symmetrical, for example.

4 Motion Editing

Motion retargeting or motion editing is simply editing existing motions to achieve the
desired effect. Since motion is difficult to create from scratch using traditional meth-
ods, changing existing motions is a quicker way to obtain the goal motion. This
means that motion editing is a well known approach used to produce new motions
from existing ones. Constrained based techniques enable the user to specify con-
straints over the entire motion or at specific times while editing an animation. Most
approaches [13, 14, 15] solve the synthesis problem on the full-postural space de-
scribed by the characters joint angles. The problem of low-dimensional human motion
synthesis has been already addressed by some authors [16, 17, 18, 19].
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Fig. 4. PCA-based walking models

Fig. 5. Crowd simulation
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In our Lab, Glardon et al. [19] developed an integrated walking and running engine
able to extrapolate data beyond the space described by the PCA basis. Figure 4 shows
an example. In this approach, the Principal Component Analysis (PCA) method is
used to represent the motion capture data in a new, smaller space. As the first PC's
(Principal Components) contain the most variance of the data, an original methodol-
ogy is used to extract essential parameters of a motion. This method decomposes the
PCA in a hierarchical structure of sub-PCA spaces. At each level of the hierarchy, an
important parameter (personification, type of motion, speed) of a motion is extracted
and a related function is elaborated, allowing not only motion interpolation but also
extrapolation. Moreover, effort achieved concerning the possibility not only to qualify
a parameter but also to quantify it improves this method in comparison to other simi-
lar works. Generic animation, applicable to any kind of human size, is another impor-
tant aspect of such a research.

The method cannot only normalize a generated motion, it may animate human with
a large range of different size (Fig.4). In order to have a complete locomotion engine,
transitions between different motions should be handled. IK was also used to prevent
feet sliding by exploiting the predictive capability of the model. The method was used
as a basis for crowd simulation [20]. Figure 5 shows an example of the use of walking
engine for crowds.

5 Low Dimensional Human Motion Synthesis

Carvalho et al. [21] recently proposed a new approach for interactive low dimen-
sional human motion synthesis, by combining motion models and prioritized inverse
kinematics. They developed a constrained optimization framework to solve the syn-
thesis problem within a low-dimensional latent space. In this space, a movement en-
forcing a new set of user specified constraints could be obtained in just one step. They
demonstrated the performance, robustness, and simplicity of their approach by syn-
thesizing various styles of golf swings (Fig.6); and by comparing the quality of the
synthesized results against a per-frame PIK technique.

Building motion models instead of pose models demonstrated two important ad-
vantages, i.e., the system could automatically synthesize the movement as a whole
without introducing artifacts and impose continuity between frames through the latent
space. Given an appropriate database containing motion samples of the same style,
they can build local models and use them to improve motion synthesis. The experi-
ments showed that local models provided faster synthesis results compared to multi-
pattern models. Likewise, by giving constraints different priorities also demonstrated
an improvement in synthesis performance. This approach is well suited to deal with
deformations and retargeting problems. It can also be exploited for a wider range of
coordinated motions (e.g., baseball, tennis, jumping, boxing, and others).



128 D. Thalmann

(a) (b)

(c)

Fig. 6. Synthesized motions, by using our system, from the swing motion shown in the top
Figure. (a) 7° down slope ground; (b) flat ground; (c) 7° up slope ground.

6 Autonomous Behavior

We generally consider autonomy as the quality or state of being self-governing. Per-
ception of the elements in the environment is essential, as it gives the agent the
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awareness of what is changing around it. It is indeed the most important element that
one should simulate before going further. Most common perceptions include (but are
not limited to) simulated visual and auditive feedback. Adaptation and intelligence
then define how the agent is capable of reasoning about what it perceives, especially
when unpredictable events happen. On the other hand, when predictable elements are
showing up again, it is necessary to have a memory capability, so that similar behav-
iour can be selected again. The subtle and spontaneous gestures are part of low-level
behaviors, and they are essential to communicate any message and convey emotions.
These ideas are just beginning to be explored by the scientific community, some stud-
ies focus on non-human characters, like dogs or other virtual animals [22], while
others put special attention on human-like facial gestures.

The low-level behavioral animation is an open research avenue. Creating virtual
characters able to select the action to perform in an automatic way is not new. State of
the art autonomous characters and Virtual Humans are able to perform a variety of
tasks, and have some level of autonomy in their decision making, but still they don’t
look like real people. One of the problems is that the virtual humans don’t display the
subtle gestures and mannerisms that characterize a real human being: facial expres-
sions, body language, etc.

Our Artificial Life Environment [23] framework equips a Virtual Human with the
main virtual sensors, based on an original approach inspired by neuroscience in
the form of a small nervous system with a simplified control architecture to optimise
the management of its virtual sensors as well as the virtual perception part. The proc-
esses of filtering, selection and simplification are carried out after obtaining the senso-
rial information; this approach allows us to obtain some persistence in the form of a
"cognitive map" and also serves as a pre-learning framework to activate learning
methods of low and high level concerning the behaviour of an Virtual Human. The
objective pursued is to allow the Virtual Human to explore virtual environments until
then unknown and to construct mental structures and models, cognitive maps or plans
from this exploration. Once its representation has been constructed, this knowledge
can be passed on to other Virtual Humans. The Autonomous Virtual Human perceives
objects and other Virtual Humans with the help of its virtual environment, which
provides the information concerning the nature and position of the latter. The behav-
ioural model to decide which actions the Virtual human should take such as walking,
handling an object, etc then uses this information. But, at this stage, how to generate
the convenient actions at the right time ? Only true motion models could do it but,
unfortunately this is only achieved through motion capture sequences or key-frame
based animation. For example, Noser et al. [24] produced vision-based tennis players;
they were extremely efficient in terms of strategy and able to know exactly where to
be located on the court at any time; but it was impossible to generate the smooth
player motion required. For this reason, the players were simplified into rigid rac-
quets. It should be noted that video games offering smooth football or tennis players
use thousands of motion capture sequences, a very expensive strategy only possible
for the movie and the videogame industry..
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7 Conclusions

Character Animation and especially Human Animation is still very dependent on
Motion Capture. Movie and Game industry use the databases of pure Motion capture
sequences. The only “models” used today are strongly based on Motion Capture; they
extensively rely on statistical methods like PCAs and/or use IK-based methods. The
pure model is still an academic dream for researchers in Animation. Motion capture
will still have a lot of beautiful days in the future.

In order to develop truly interactive multimedia systems with Virtual Humans,
games, and interactive movies, we need a flexible way of animating these Virtual
Humans. Altering motion obtained from a motion capture system is not the best solu-
tion. Only computational models can offer this flexibility unless powerful motion
retargeting methods are developed, but in this case they will look similar to computa-
tional models.
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Abstract. In virtual human (VH) applications, and in particular,
games, motions with different functions are to be synthesized, such as
communicative and manipulative hand gestures, locomotion, expression
of emotions or identity of the character. In the bodily behavior, the pri-
mary motions define the function, while the more subtle secondary mo-
tions contribute to the realism and variability. From a technological point
of view, there are different methods at our disposal for motion synthesis:
motion capture and retargeting, procedural kinematic animation, force-
driven dynamical simulation, or the application of Perlin noise. Which
method to use for generating primary and secondary motions, and how
to gather the information needed to define them? In this paper we elab-
orate on informed usage, in its two meanings. First we discuss, based on
our own ongoing work, how motion capture data can be used to identify
joints involved in primary and secondary motions, and to provide basis
for the specification of essential parameters for motion synthesis meth-
ods used to synthesize primary and secondary motion. Then we explore
the possibility of using different methods for primary and secondary mo-
tion in parallel in such a way, that one methods informs the other. We
introduce our mixed usage of kinematic an dynamic control of different
body parts to animate a character in real-time. Finally we discuss motion
Turing test as a methodology for evaluation of mixed motion paradigms.

1 Introduction

There are different kinds of human motions, considering the goals and meanings
involved, such as communicative and manipulative hand gestures or locomotion.
These are all needed in virtual character enhanced applications, like a game.
When synthesizing such motions, there are requirements beyond the function:
the motion should be realistic, life-like. Motion with the same function repeated
by the same person should differ in small motion details.

When observing the entire body, one may notice big motions (like the waving
hand), and small motions like balancing with the torso. In this paper we refer
to the big motion which is characteristic of the goals and meanings involved
as primary motion, and the additional details as secondary motion. Roughly
speaking, when synthesizing the primary motion only, the virtual characters
motion can be understood. But without the secondary motions, it will look
robot-like and unnatural.

A. Egges, A. Kamphuis, and M. Overmars (Eds.): MIG 2008, LNCS 5277, pp. 132 2008.
© Springer-Verlag Berlin Heidelberg 2008
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From a technological point of view, there are different methods at our dis-
posal: motion capture and retargeting, key-framed or procedural kinematic an-
imation, force-driven dynamical simulation, or the application of Perlin noise.
Which method to use, and how to gather the information needed to specify the
parameters for the individual methods?

In practice, often the technological considerations — typically, production tools
and resources available and the required processing speed — are the factors to
justify a single solution. Moreover, as each of the methods are cumbersome,
researchers basically concentrate on one of the approaches and improving its
algorithms. This is characteristic of the rather disjoint work going on in the
‘mocap world” and the 'motion generation’ world. The dichotomy is also to be
noticed when looking at the application domains. In medical applications one
can find high quality dynamical simulation to study walking under different
conditions, in movies the quality of (virtual human) motion is high due to using
mocap, while in the conversational agents domain, procedural models are used.

The main topic of our paper is to investigate how different techniques can
be used to synthesize both primary and secondary motions. Using combinations
of these techniques, we aim to come close to the illusion of full realism of the
behavior, while also being responsive to the environment the motion is executed
in and reactive to the gamer’s behavior in real time. We consider informed usage
of motion synthesis methods, in two interpretations of 'informedness’. First, one
can use motion capture data to inform the (models for) generative methods,
particularly, to decide about the primary and secondary motions. Second, one
can use multiple methods together for different body segments for primary and
secondary motions in such a way that one method informs other(s), see Fig. [l

We apply our motion synthesis algorithms on our virtual conductor [I] and a
reactive virtual trainer [2]. The virtual conductor can conduct human musicians
in a live performance interactively. Using knowledge of the musical piece (tempo,
volume, the different voices, etc...) he leads the musicians through the piece and
corrects them when certain types of mistakes occur. The Reactive Virtual Trainer
is capable of presenting physical exercises that are to be performed by a human,
monitoring the user and providing feedback at different levels. Both applications
require real-time adaptation and precise control of the timing of motion. The
primary motion of the conductor consists of conducting gestures executed with
one or both arms and/or the head. The secondary motion of the conductor is
modeled as balancing motion on the lower body. For the trainer, the primary
and secondary motions are exercise depended.

In the next section, we introduce each motion synthesis method shortly, and
give an overview of state of the art of using multiple methods in one framework.
Then, in section Bl we discuss how motion capture can be used to identify joints
to be modeled by different methods, and how to tune the parameters of these
methods. In section ] we discuss the potentials of mixing multiple methods to
animate different parts of the body. We demonstrate the idea by an example
from our ongoing work, showing mixed usage of kinematic an dynamic control
of different body parts to animate a character in real-time. The paper finishes
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Fig. 1. The three procedural control paradigms, gray arrows showing off-line param-
eter acquisition based on information from other methods. The other arrows show
the possibility for information exchange for real-time parallel tuned usage of multiple
methods. The thick arrow indicates the novel method discussed we implemented.

by discussing the motion Turing test, as the evaluation paradigm we plan to use
in the future to evaluate mixed motion models.

2 Related Work

Current computer animation techniques make use of kinematic and/or dynamic
techniques for motion generation.

Motion editing uses recorded motion as a basis and creates variations on
this motion to adapt it to specific needs. This kinematic technique employs the
detail of captured motion but only allows very small adaptations. It is relatively
simple to use slight motion adaptations to adhere to strict time constraints [3].
Typically, the actor that is motion captured does not have the same limb size as
the VH that is to be animated. Therefore, it is necessary to retarget the motion
of the actor to make it work on this VH [4]. Sensor noise, motion retargetting
and motion adaptation causes physical anomalies on edited motion. One of such
anomalies is footskate: the VH’s foot slides on the floor after the VH plants it,
rather than remaining tightly in place [5]. Another typical artifact of motion
editing is the violation of balance, which results in a VH that not seems to be
situated in the virtual world but rather seems glued in front of it [6].

Procedural animation is a kinematic technique that uses mathematical for-
mulas that prescribe the change of posture over time, given a set of movement
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parameters values. Procedural animation can be used to directly control the rota-
tion of joints [7]. A typical application is at a slightly higher level, for generating
gestural behavior: the movement path of hands through space is defined mathe-
matically, and the appropriate arm joints are computed automatically [8[9,[10].
This approach is very adaptable: it offers precise timing and real-time parame-
terization using a large number of parameters. However, it is hard to incorporate
movement details such as those found in motion recordings into the mathematical
formulas that steer procedural motion. Physical believability has to be authored
explicitly in the formulas. Typically, only a subspace of parameter values yields
physically realistic motion.

In dynamic simulation, the VH is controlled by applying torques on the joints
and a force on the root. A physical simulator then moves the VH’s body using
Newtonian dynamics, taking friction, gravity and collisions into account. The
process of finding accelerations of rigid bodies, based on forces and torques is
called forward dynamics. A dynamic controller can provide control in real time
[11], if the dynamical model of the human is kept simple. Such a controller
calculates the torques that will move the VH toward a desired state, based on
a heuristic movement model. The input to such a controller is the desired value
of the VH’s state, for example desired joint rotations or the desired position
of the VH’s center of mass (CoM). The goal of the system is to minimize the
discrepancy between the actual and desired state. The controller can deal with
perturbations. For example, if balance is disturbed by a push, the controller
automaticly guides the VH back to a balanced pose. However, in general, the
controller can not predict when the desired state is reached, or if it will be reached
at all. Motion generated by simulation lacks the kind of detail that is seen on
captured motion. While the motion is physically correct, this alone is often
not enough for movements to be human-like. Therefore, dynamic simulation is
mainly used to generate human motion that is physically constrained, and in
which interaction with the environment is important, such as motion by athletes
[11], stunt men [12], or people falling over [13].

2.1 Combining Dynamic and Kinematic Animation

The previously introduced animation paradigms each have their own advantages,
so it would be beneficial to combine them in a single motion system. Existing
hybrid systems [12,[I3] typically switch between motion editing and dynamic
simulation, depending on the current situation’s needs.

However, in many situations, the different positive features of the generation
paradigms are needed at the same time, but at different body parts. For example,
while standing and gesturing, our lower body is in contact with the ground and
has to support the upper body, showing a physically realistic balanced pose
which would be nice to model with dynamic simulation, while arm gestures
require motion detail and tight time synchronization to speech, which would be
best achieved by kinematic motion.

In [T4] it is shown how inverse and forward dynamics can be combined in a
single dynamic animation system, assuming that either the joint acceleration or
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the joint torque is known for each joint, at each time frame. A similar approach
is commonly used in biomechanics to visualize the biomechanical movement
model of interest on some body parts (using joint torques), enhanced with known
motion on other body parts (using kinematic motion) [I5]. Our work on mixed
kinematics and dynamics revives the ideas in [I4] and shows how they can be
applied in an efficient real-time motion system.

2.2 Tracking Kinematic Motion

Motion tracking [16], uses a controller to compute the torque on each joint. The
desired state for this controller is the desired rotation of the joint, as specified in
by the kinematic data (e.g. mocap). Motion capture noise, retargetting errors,
tracking errors and environmental changes can easily disturb the balance of a
character whose full body is animated using a tracking controller. Therefore an
explicit dynamic balancing model is needed. Because tracking makes use of dy-
namic controllers, the motion generated by these methods has a time-lag with
that specified in the motion capture data. Tracking controllers are computation-
ally more demanding than our mixed kinematic/dynamic method, but provide
collision with the environment for the tracked body parts.

3 Modeling Informed by Motion Capture

In the recent years, we have been using motion capture technology to analyze
different aspects of hand gestures and full body physical exercise motions [I7[I§].
We use the results to inform the different modeling paradigms used to synthesize
motions. The domain of our investigations are physical exercises for a Reactive
Virtual Trainer application [2] where physical realism is of major importance,
repetitive motions like clapping [I7] or conducting [I], and some communicative
gestures like hand-shaking [19]. In all cases, we recorded several samples of the
same gesture, by the same subject.

3.1 Identification of Primary and Secondary Joints

The primary and secondary joint motions were identified by looking at the stan-
dard deviation of the coordinates of marker positions for each joint, normalized
by maximum joint extension. For each motion, the joints are classified as pri-
mary, secondary or unused in an automatic way. Currently, the two separating
thresholds are to be given manually as a first step, but fully automatic clustering
may be used in the future. For all but one recording of rhythmic physical exer-
cise samples, this method identifies the 1-6 primary joints faithfully. That is, the
judgment of the classification system corresponds to the judgment of an expert.

3.2 Kinematic Model Based on Motion Capture

In ongoing work, we wish to use the captured time functions of the motion of
primary joints to detect certain kinematic characteristics of the motion, and to
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define parameters for kinematic models. As of motion phases of a hand gesture
or exercise, we adopt the terminology used for communicative gestures [20],
identifying preparation, pre-stroke hold, stroke, post-stroke hold and retraction.
As an exercise is to be performed in a repetitive way, the retraction is identical
with the preparation of the next exercise. By analyzing the captured data, we
are to identify:

1. tempo

2. timing of the preparation, hold and stroke phases

3. amplitude, expressed by the maxim values of the displacement of certain
body part

4. synchrony

By having recorded tempo variants of the same motion, we also get infor-
mation of extreme and default tempi, and the correlation between tempo and
amplitude, and tempo and timing of stages. This quantitative information is to
serve as a basis for kinematic models. The timing information of the phases is
gained by identifying points in the motion on which the speed crosses a prede-
fined minimum threshold (see Fig [2]).

Synchrony is to identify if (a subsets of) the joints involved move in sync. This
is to be decided by analyzing the stroke times of the different joints. In case of
physical exercises, a few synchrony patterns are common [2].
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Fig. 2. Motion phases are detected from the speed profile
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The physical and procedural models themselves are typically created on the
basis of models from biomechanics or behavior science, rather than directly bas-
ing them off motion capture. Motion capture information is used to identify
(among others) timing, amplitude and synchrony parameters and to select a pa-
rameterized model that fits the observed motion. The parameters that steer such
a model are designed to be intuitive for motion authors, but are often related.
Motion capture can serve as a way to find dependencies between these parame-
ters. For example, we have shown that the movement path of the hand decrease
linearly with the tempo in a clapping task [I7]. A change of one parameter value
then changes all parameters values that are related to it. If a motion generation
process specifies the value of more than one parameter, conflicts might arise.
These conflicts can be solved in several ways, for example by finding some kind
of 'best fit’ of parameters values, weighted by their importance.

3.3 Analyzing Variability and Symmetry

We gathered qualitative and quantitative information on the variation between
repeated motions with the same function. Even in case of physical exercises
performed by expert, there is a small variation in performance. Similar consid-
erations hold for symmetry (see Fig. Bl). The amount of variation can depend
movement parameters. For example, Fitts’ law [21I] states that quick pointing
movements are neceserely less precise than slower pointing movements.

Small, but consistent phase differences can occur in symmetrical movement.
For example, we have shown that right-handed subjects ’lead’ a clapping move-
ment with their right hand [I7]. The mean phase difference and variation of
phase difference can vary with movement parameters. For example, we found
that the standard deviation of the phase difference between hands in a clapping
task increases with tempo [17].

SYMMETRY analysis results for region no. 3
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4  Using Dynamic Simulation and Kinematics in Parallel

In [22], we show how to simultaneously combine dynamic motion with kine-
maticaly driven motion (like motion capture, procedural motion). In case of
the conductor, the body is segmented in one physically steered group of joints
P, located at the lower body and three chains of kinematicly controlled joints,
Krightarm, Kieftarm and Kpeqq rooted at the right shoulder, left shoulder and
neck respectively (see Fig. H]). The movement of the lower body is steered by the
dynamic balance controller, described in [T1].

Chead Khead

Crightarm Cleftarm

‘\

Krightarm Kleftarm

Fig. 4. Kinematically and dynamically steered joints in the conductor

The torque the kinematic chains exert at connectors (Crightarm, Cleftarm
and Cheqq) is calculated using inverse dynamics. The reactive torques are then
applied to the lower body. To calculate this torques, we need to know the velocity
and acceleration of the connectors. However, the velocity and acceleration of a
connector is dependent on the movement of all joints in the body, and can
only accurately be calculated by an algorithm that takes the accelerations of
all joints in K and the torques of all joints in P into account simultaneously.
Rather than directly calculating the acceleration of the connectors at the current
frame, we approximate torques that each K exerts on P using the acceleration
and velocity of connector at the previous frame. This results in a slightly more
efficient algorithm than first proposed in [I4], both in terms of calculation time
and memory bandwidth. More importantly, it allows us to make use of any
existing real-time forward dynamics engine for mixed motion generation.
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Fig. Bl shows the combination of our physical balance model with a proce-
durally generated large arm swing. The results of our system are subtle and
therefore hard to capture on a series of images. We refer the interested viewer
to the demonstration videos [ to see our system in action with a combination
of motion captured arm movements or procedural conducting gestures and the
balance model.

5 Further Work

5.1 Generating Variability

In some of our applications (conductor, fitness trainer) the same movement is to
be repeated many times. If such movement looks exactly the same for repetition,
the believability of our VH is destroyed. We intend to use one of the existing
approaches from the literature [723124] to model motion variability. Our motion
capture analysis provides us with information on the amount of variability in
each motion, on what joint or motion parameter this variability is to be applied
and how parameter values affect its size.

5.2 Timing of Motion Phases

We have timing information on each movement phase in our exercise motion. We
intend to explore the relation of the duration of each phase length with other
parameters, such as movement tempo or amplitude. In our preliminary work
on the analysis of clapping [17], we found an invariance in the relative timing
of the different phases of clapping movement: no matter the tempo, the same
percentage of time was spend in each movement phase. These percentages were
slightly different for different subjects.

5.3 Evaluating Movement Models

VHs usually do not have a photo-realistic embodiment. Therefore, if the nat-
uralness of VH animation is evaluated by directly comparing moving humans
with a moving VH, the embodiment could bias the judgment. To remedy this,
motion captured human movement can be casted onto the VH, thus showing the
different motions on identical virtual body. This motion is then compared with
generated animation. Typically this is done in an informal way. A motion Tur-
ing Test [25] could be used to do this more formally. In such a test, subjects are
shown generated movement and similar motion captured movement, displayed
on the same VH. Then they are asked to judge whether this was a ’machine’
moving or a real human.

However, such a direct human judgment is not sufficient to measure the natu-
ralness of motion. Even if a certain movement is judged as natural, an unnatural
artifact that is not noticed consciously can still have a social impact [26]. Charac-
ters with an unnatural motion can be evaluated as less interesting, less pleasant,

! Available from: http://www.herwinvanwelbergen.nl/phd/mixed /mixed.html
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Fig. 5. Mixing a kinematic arm swing with dynamic balancing. The right side of each
picture shows the visualization of the physical model of the lower body of the VH. The
left side shows a VH with physical lower body control, overlayed with one that does
not move the lower body. The counter-clockwise angular acceleration of the arm in the
upper three frames causes a clockwise torque on the trunk, which makes the upper
body bend forward. The clockwise angular acceleration of the arm on the lower three
frames causes the body to bend backward.

less influential, more agitated and less successful in their delivery. So, while a VH
Turing test is a good first indication of naturalness (at least it looked human-like),
further evaluation should determine if certain intended aspects of the motion are
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delivered. Such aspects could include showing emotion, enhancement of the clear-
ness of a spoken message using gesture, showing personality, etc.

Our simultaneous motion mixing techniques allow us to let a motion model
steer a part of the body, and let a motion capture recording steer the remaining
parts. We can then use the motion Turing test to compare the motion generated
by the movement model combined with motion capture with the same motion
generated solely by motion capture. In a similar way, we can test if a certain
aspect of motion is important for naturalness, by using a model that either
removes this aspect, or replaces it by noise. In a later stage, we plan to use this
approach to test combinations of motion models that were evaluated to work
well in isolation.

Further on, we would like to explore the parameter space that yields natu-
ral looking procedural or dynamical motion. If the parameter set is small, this
natural parameter space can be identified by having subjects directly set and
evaluate the possible parameter values [23].
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Abstract. Utilization of motion capture techniques is becoming more
popular in the pipeline of articulated character animation. Based upon
captured motion data, defining accurate joint positions and joint orien-
tations for the movement of a hierarchical human-like character without
using a pre-defined skeleton is still a potential concern for motion capture
studios. In this paper, we present a method for automatically estimating
and determining the topology of hierarchical human skeleton from opti-
cal motion capture data based on the human biomechanical information.
Through the use of a novel per-frame based recursive method with joint
angle minimization, human skeleton mapping from optical marker and
joint angle rotations are achieved in real time. The output of motion data
from a hierarchical skeleton can be applied for further character motion
editing and retargeting.

Keywords: Motion capture, Motion tracking, Character mapping,
Character animation.

1 Introduction

Motion capture is a technique and a process that digitally record the movements
of a live “performer”, such as human motion or the movement from an animal
in a specified 3D environment. Then the recorded motion data is replicated to
animate a computer-generated character. Since motion capture techniques are
the most effective means to achieve realistic and convincing actions from a “per-
former”, it has been widely used in computer games, movies where human-like
character animation is heavily involved, and other areas where motion analysis
is performed.

In animation, the motion of an articulated skeleton character is defined by
a world coordinate transformation at the root joint and other relative joints
rotational angles in its hierarchy. However, optical motion capture systems only
record a set of three dimensional Cartesian points that describe the trajectories
of markers attached on the live performer. The recorded three-dimension motion
data cannot be used for manipulating a character directly because the output
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format of motion data does not explicitly construct a hierarchical skeleton. It is
difficult to construct a proper skeleton based upon the captured optical motion
data, as the transfer of the three dimensional position data to a skeleton joint
rotational data is not straightforward. The conversion of the markers Cartesian
position data into a hierarchical skeleton movement in the joint space is an
important procedure for dealing with motion capture data. After the mapping
of the markers’ movements to an articulated skeleton’s joints rotation, this data
conversion process simplifies and formats the motion of the “performer” that is
editable and controllable. Such a procedure makes further motion data editing
more convenient and shortens the production pipeline of computer animation.
Autodesk Motionbuilder [2], a popular commercial software package, uses a
pre-defined skeleton for mapping the optical motion capture data to a hierar-
chical character motion. During the calibration procedure, the motion capture
producer manually adjusts the prototype of the pre-defined character and groups
the locations of the markers for data mapping, which is a tedious procedure. The
quality of output motion data is based on the experience of the producer. In this
paper, we describe a method that will automatically group marker sets to find ac-
curate joint locations in the hierarchy. Since we use a signal-based active motion
capture system, there are fewer markers attached on a performer than a passive
optical system. In order to find accurate joint positions and obtain more precise
joint orientations, our method highly relies on the biomechanical information
from human motion [§][I6]. Although inverse kinematics techniques [3][I7] are
good to configure intermediate joints according to the end joint position, they
suffer from singularity and initial starting point problems for optimization. Sim-
ilar to the global technique presented in [I5], we present a recursive method with
joint angle minimization to calculate the joint rotational angles in the hierarchy.

2 Previous Work

Motion capture systems are able to record realistic and detailed human move-
ment. Numerous researchers focus on the issues related to motion data post-
processing techniques. For instance, motion data mapping, motion editing,
motion retargeting and motion blending.

In computer animation, animators usually use existing human motion data to
drive their own personal designed virtual characters, such as a monster that
has a different skeleton prototype or/and different skeleton length from hu-
man performers. In order to map human motion data to a custom designed
virtual character, some researchers focus on motion retargeting to solve the pro-
totype problem [5][9]. Recently, some researchers in computer graphics are ca-
pable of abstracting the characteristic motion, a basis motion data, from an
amount of motion database [4][I0][I4]. They focus on modifying and editing
motion data at the behaviour level through statistics based method. Several
other researchers took physics into account to modify motion capture data and
synthesize convincing and realistic character movement [T][12][13]. These efforts
aimed at finding physically convincing character movement in terms of required
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additional criteria. A motion blending technique was presented to create a long,
continuous motion from multi motion clips [7].

The techniques described above are based upon the fact that the skeleton mo-
tion are already in a hierarchical joint space. To manipulate hierarchical skele-
ton for further motion editing, it is important and necessary to obtain joint
rotation angles in a hierarchical skeleton from recorded motion capture data.
Several researchers have presented their solutions for this specific problem. Bo-
denheimer et al described a procedure for transforming magnetic motion capture
data into an articulated human skeleton movement in which manual measure-
ments of body segments is required [3]. O’Brien et al also estimated the skeleton
from a magnetic motion capture system in which each marker has both position
and orientation information [I1]. By comparison, the data captured from optical
motion capture system only record the position trajectory for each marker. The
optical motion data are non-rotational, three-dimension Cartesian positions. To
construct an articulated skeleton from a camera-based multi-marker optical mo-
tion capture system, Silaghi et al presented a method in which the joint position
is inferred based upon the adjacent joint link information [I5]. Kirk and his col-
leagues group the markers in different clusters according to the assignment of
the markers to body segments, then they use a fitting method to estimate the
joint position [6].

Since the captured marker’s trajectory describes the movement of physical
body parts of a realistic performer, Zordan et al assume that all the markers
attached on an actor are driven by force separately. In order to test their as-
sumption, they mapped the marker data into a fixed human character which
includes a physically based forward dynamic model. The joint angle information
of a fixed limb-length skeleton is obtained from the simulation of the equilibrium
state [18].

The optical motion data mapping approaches described above mainly infer the
joint position based on the multi-marker information attached at the adjacent
body segments. In our method, we define a skeleton prototype automatically. In
addition, we can estimate joint angles in real time.

3 Motion Capture and Skeleton Fitting

Currently, passive and active optical motion capture systems are two mainstream
system for human-like characters. While both use markers attached to the per-
former; in a passive system each marker has to be identified continuously during
a capture session in order to obtain the location of each marker, whereas in an
active system the markers are individually identified through Pulsed-LED (light
emitting diodes).

Compared with the tracking techniques used in camera based motion capture
system, Ascension ReActor2 is a signal processing based active optical motion
capture system. This system has fewer occlusion problems than the passive sys-
tems as the markers are instantly recognized after occlusion. This system use
only 28 infrared markers for tracking a live performance. Each of the markers is
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Fig. 1. Topology of human character and some marker positions shown with black dot

attached at the related joint position based on the skeleton hierarchy of a human
character. At the calibration, the detectors will be placed at specified positions
in 3D space. Detectors will receive light flashed from each marker and deter-
mine the location of the markers. The recorded marker positions are discrete
three-dimension position points in the time domain. The current capture space
is limited to 3x3x3 cubic meters.

For an ideal motion capture, we assume that the markers attached on the body
stay relatively static during the motion capture session. The marker location
represents the best estimation of the joint positions according to the anatomical
topology of a human performer. To avoid manually adjust pre-defined rigid body
skeleton for optical marker mapping, in our method, we automatically estimate
joint positions from biomechanical information [8]. Figure [lis the frontal view
of a human character model with a skeleton beneath the skin and some marker
locations for motion capture arrangement. Our skeleton identification procedure
includes two stages: a) identify each marker and group markers for individ-
ual rigid body parts, then calculate the actual rotation centre based upon the
anatomy knowledge of human body; b) calculate joint rotation angles according
to the fitted hierarchical skeleton.

3.1 Marker Identification and Joint Determination

Unlike a passive system, each marker in an active system is able to “communi-
cate” with tracking devices, e.g., signal detectors. The communication is achieved
by means of LED pulse. The LED marker signal may be affected more or less by
other environment lighting sources during motion capture. As the noise can affect
the quality of motion capture, reduce or eliminate the noise effect is important
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for obtaining a precise marker position. There are wide ranges of frequencies in
the electromagnetic spectrum. For infrared, the spectrum range covers from 10!
to 10'4Hz. Since the frequency spectrum of infrared is known, the removal of the
noise can be solved by means of bandpass digital filtering.

To construct a hierarchical human skeleton, an essential task is to find a
proper joint position that connects adjacent body segments. Before motion cap-
ture, the motion capture producer usually attaches each marker on the performer
in a position that is regarded as a reference of the performer’s joint. After the
detector has received the LED marker pulse, the precise marker position that
describes the performer’s movement in three-dimensional space is recorded. In
an ideal motion capture session, the distance between every two markers that
are attached on the same rigid body part would remain the same all the time.
This means that the two adjacent markers would define one rigid body link in
the hierarchical skeleton. From the biomechanical information of human motion
[8][16], the actual human joint location beneath skin that is related to its referen-
tial marker group should maintain a constant distance during the movement all
the time. To guarantee the joint location is constant for motion data mapping,
our approach is similar to that in Kirk et al [6]. We define and minimize a joint
penalty function to determine the accurate joint position that is related to its
marker group (Equation [IJ).

(| B =P | —d)| <e (1)

In Figure[2] P is the kt" joint position in the i*" frame, P,.* is the referential
marker group position relative to the k" joint in the " frame, d is the constant
distance between the marker group and actual joint, € is the residual error.

Following up the solution of joint position, the next stage is to find the rigid
body segments. Theoretically, the body segment between two adjacent joints
should have the same length within all frames. Constant skeleton length for each
rigid body segment can be computed over time. Ideally, the standard deviation

Fig. 2. Human character joint position calculation at knee joint
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ag =
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—L- 3" (l; — 1)? for each body segment is zero. Where I; and [ are length

=1

at i" frame and mean of length over time respectively for each body segment.

3.2 Joint Angle Calculation

Once a hierarchical rigid body skeleton has been fitted according to the joint
positions and rigid body segment, the joint’s information in local and global
coordinates are obtained based upon the recursive transformation matrix X,, =
R(q)X;. Where X;, X,, are the joint position in local and global coordinates
system respectively, and R(q) is the recursive transformation matrix calculated
from the global coordinates to current joint coordinates. The same recursive
transformation matrix had been discussed in [15]. In our recursive method, the
current i*" joint information within the fitted hierarchical skeleton is represented
by its parent (i — l)th joint orientation matrixes. The i*" joint rotation angles
are calculated by minimising the orientation error (Equation [2).

3

A0(q) = S (P - Pi(a) — 1)? (2)

=1

Where P;*(i = 1 to 3) are unit vectors along the desired joint orientation. P;(q)
are the unit vectors along the current joint orientation. The representation of
global and local coordinates of linked system is shown in Figure B

Human height (cm)
2
2

—— Upper arm
Forearm

Lowerleg
—— Thigh

15 20 25 30 35 40 45 50 55
Segment length (cm)

Fig. 3. Coordinates transformation Fig. 4. Human body segment fraction of hu-
of linked system. P is the current man height, + and x from two male perform-
joint end position in i*" coordinates, ers, o from a female. { and + are from the
P~ is the desired joint end position same optical motion data, however, {5 is ob-
in i*" coordinates. tained after the mapping procedure by the Mo-

tionBuilder software.
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4 Implementation and Results

During the implementation, at the marker grouping stage, we automatically set
markers group according to the prototype of human skeleton. For example, the
four markers around the performer’s waist will be used to define the root joint
of the skeleton and the hip joints in the hierarchy. The constructed hierarchical
skeleton includes 20 revolution joints. Each of them has three degrees of freedom,
and the root joint has six degrees of freedom which are three rotations and
three translations. In addition, the output of motion is the standard Biovision
hierarchical data in which the rotation sequence of each joint is ZXY'.

To infer the joint position, our method relies on the biomechanical informa-
tion of human motion. The standard deviation for each body length over time
is less than 2%. However, for a standard human skeleton, we are able to find
an empirical formula for the calculation of the body segment length according
to human heights [16]. In Figure @] the calculated body segment lengths from
two males and one female vs. standard anthropometry are shown. Moreover, one
male dataset (marked as x) are obtained according to the marker set of Vicon
system. We also compared our data set with parameters obtained after the map-
ping procedure by an experienced motion capture producer using MotionBuilder
software (marked as <»). From the illustrated figure, we can see that there is ob-
vious discrepancies between each data set. The biggest is the length of a female’s
upper leg. In fact, the female does have a much longer thigh compared with her
height. Moreover, there are 1 to 4 centimetres differences measurement in other
data sets compared with the anthropometry. These errors are due mainly to the
fact that the marker shape in Reactor2 system is a 3 centimetres diameter disk.
In order to prevent the marker moving from the attach point, the motion capture
producer put the wrist crossbar and the ankle marker away from actual joint
position about 1 to 2 centimetres to guarantee the marker position is stable.
As long as the movement of hierarchical skeleton represents the movement of
optical motion data, the mapping procedure is successful. For the final character
animation, the skeleton motion will be edited for scene organisation, and the
further motion retargeting is able to compensate the calculation error.

After the calculation and determination of the joint position and the length
of each body part, our method is able to estimate joint orientations over time
by our recursive method. In Figure[l, we show the original raw motion data and
the constructed human skeleton. We noticed that the calculated position of the
centre of mass of each individual rigid body segment is very much related with
the extra marker used in Vicon system. Similar to the techniques presented in
[15], at least three markers on one rigid body part are required to estimate the
joint position. The method we presented for mapping optical motion data is not
specific to Reactor2 system, it can fit other optical motion capture data as well.
To test our method, we chose various optical motion data ranging from subtle
motion to more dynamic movements, e.g., dancing and martial art.

All the tests were run on a 3.4Gz Pentium IV with 2GB of main memory.
Since our skeleton joint orientation estimation is per frame based technology,
the computation time for marker mapping and the skeleton joint calculation is
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Fig.5. Row 1 and row3 are the raw optical motion data based on each individual
marker set captured from Reactor2 and Vicon system respectively (black squares show
the marker positions). Row 2 and row 4 are the constructed skeleton (green spheres
display the joints, blue bars are the rigid body segments, and the yellow dots show the
centres of mass of each rigid body).

about 2ms, and for a simply stick character the graphic displaying is around
2ms. In respect of a complex geometric shape character, the time for graphics
displaying may increase. Even though we have not tested complicated characters,
we believe this off line automatic human-like skeleton joints estimation method
can play on real time if the network streaming is fast enough.
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5 Discussion

In this paper, we presented an automatic method for marker mapping and skele-
ton joint estimation from optical motion capture data. However, the accuracy
of skeleton joint position and orientation relies heavily on the recorded marker
positions. Since our method for joint angle calculation is per-frame based, there
is a limitation for a motion capture system with a small number of markers.
If one of the markers is lost or blocked, the signal detector would not record
the marker position. The output of the skeleton motion could be unrealistic. In
order to achieve satisfying motion data, the motion capture producer needs to
either recapture motion data or clean up data after a capture session. The more
information supplied from the optical markers, the more accuracy of the skele-
ton mapping can be achieved. After testing our method on other optical motion
capture data, we noticed that the different naming conventions used by other
optical systems would limit our automatic method. To get around this issue, we
can redo the marker name mapping manually.
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Abstract. Providing natural human-computer interaction has became one of the
major issues as computer usage became popular. Starting from computer famil-
iar users, consideration for non-familiar users including elderly and impaired
users gets more attention recently. In this paper, a few approaches to provide
natural interface for elderly people are summarized with a couple of experimen-
tal results. Our goal is to devise an immersive interface which is a platform pro-
viding the motion context. The interface is focused on edutainment contents,
based on the observation that computer games for elderly people can be utilized
as a tool not only for enjoying themselves but also for improving their health
and quality of lives. In this paper, our approaches to use a tabletop interface, u-
Table, and its corresponding natural gestures as a user interface for playing
games are summarized. Since a table is a good place for people to get together,
talk to each other and share their experiences, a tabletop interface can be served
as a tool for playing games of cooperation, conversation and sharing. It was
demonstrated that its users had better experiences with u-Table comparing to a
mouse, a keyboard and a monitor.

Keywords: Tabletop Interface, Edutainment Contents, Immersive interface.

1 Introduction

Information technologies such as computers and the Internet become essential parts of
our daily lives. We almost always use computers and access the Internet for working,
studying, playing, enjoying, etc. To support those daily activities, it is necessary to
provide natural interfaces to information system to users. Especially for handicapped
people, current interfaces are not suitable in most cases.

New types of interfaces such as wands, data gloves, and gesture-based interface are
experimentally used in virtual reality applications. Those interfaces are widely
adopted in entertainment applications especially in arcade games and consol games
such as Nintendo Wii.

However, even with those new technologies, it is not easy for elderly people to ac-
cess and utilize computers and the Internet for their benefits of the modern informa-
tion technologies [1].
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In this position paper, we discuss roles of natural interactions in playing games es-
pecially for elderly people by summarizing our past and current efforts to devise new
types of interfaces [10, 11].

Most of the elderly people did not have sufficient opportunities to be exposed to
computer education. Also, user interfaces of current computers are not suitable for
them to have such opportunities easily and conveniently. The combination of those
factors could make them excluded from the new life styles based on information tech-
nologies [2].

The population of elderly people increases. It is expected that the percentage of the
elderly people become 35% of the population of the whole world in 2050 [3]. It be-
comes an important social and economical issue how to help the elderly people enjoy
information technologies with less problems and difficulties. Computer games could
be an excellent starter for them. They could access computers and enjoy themselves
with computer games during their spare times.

The problem is difficult and inconvenient user interfaces for them such as a moni-
tor, a mouse and a keyboard. Therefore, the solutions must be provided with easy and
convenient user interfaces. It is reported that the elderly people prefer to have multi-
media interfaces [1].

With those observations, we consider two approaches.

- Providing familiar interaction metaphor for users
By providing familiar interaction metaphor, it would decrease initial barrier to
elderly people to use information system.

- Providing immersive interaction metaphor for users
By providing immersive interaction metaphor, it would increase believability of
experiences of elderly people.

With those arguments, we proposed to use a tabletop interface, “u-Table” [10], and
its gesture-based interaction methods as a place for elderly people to play computer
games. With u-Table, the elderly people could play and enjoy computer games which
might not have been accessible and not have been enjoyable by them with conven-
tional user interfaces such as a mouse and a keyboard. A collection of games were
digitalized and we asked elderly people to play the games. Their responses and per-
formances were quite satisfactory.

2 Related Works

A table is usually regarded as a central place at home and offices. While an individual
can use a table, a group of people can also use it. People could meet, study, talk, eat,
drink and play games together around a table. They can share information with their
family, friends and colleagues over a table.

A tabletop interface, tele-communication technologies and virtual reality (VR) tech-
nologies were combined in order to provide elderly people with a virtual space for their
family, relatives and friends living at remote locations [7]. The users can enter the
virtual spaces through the tabletop interface, DiamondTouch developed by Mitsubishi.
In order for accessing the virtual spaces, the DVE (Distributed Virtual Environment)
system was used. Each participant of the system was represented by his avatar in the
virtual space. They could play games, watch pictures and video tapes, sing songs to-
gether, etc. through the virtual space. It was expected that the segregated elderly people
would enjoy the system and their mental health should be greatly enhanced.
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Since most of elderly people are not familiar with traditional interaction devices
such as a mouse and a keyboard, more believable interaction methods are required for
them to play computer games.

The interaction process provides believable experiences if the interface is consis-
tent and persistent within multi-modal virtual environments [13,14]. Among multi-
modal channels, visual and haptic has been considered primary channels in most cases
of interaction. Due to this reason, there have been successful approaches to utilizing
tangible interfaces for elderly people.

“Curball” is a collaborative computer game and uses a new interaction method for
elderly people [8]. The game is a combination of Curling and Bowling. It uses balls
and obstacles as its tangible devices for interacting with a computer. Both elderly
people and young people can jointly participate in the inter-generation game by ac-
cessing its game server. The tangible devices and their associated gestures are used
for throwing balls and arranging obstacles in the Curball game instead of a mouse, a
joystick and a keyboard.

For elderly people, physical activities and exercises are quite important. However,
the activities should not require intense and/or quick movements by considering their
physical conditions. “Age Invaders” is a computer game for elderly people and chil-
dren to play harmoniously in physical spaces [9]. They can communicate and play the
game both physically and through the Internet. Physical players are on the game
board and move physically to follow patterns on the board.

In comparison to “Age Invaders”, most of the games are composed of interactions
with visual information and haptic manipulations. To provide believable haptic inter-
face it is necessary to provide persistent passive haptic feedback along with consistent
active haptic feedback, if there exists. The passive haptic feedback is the feedback
provided by the physical device itself, so that lies on persistently. The active haptic
feedback is the feedback provided by active actions of the device, such as vibrations,
to give ‘intended’ feedback. The ‘u-Table’ is proposed as one testbed in providing
persistent haptic feedback [12].

In this paper, we provide recent experimental results in computer games for elderly
people using a tabletop interface, u-Table. The games are played by multiple touches,
gestures, and tangible interfaces for multiple players instead of a mouse, a joystick
and a keyboard. Our experiments show that the elderly people prefer to play with u-
Table rather than usual interfaces. The games include physical activities and mental
activities which are supported by visual information given in familiar metaphor and
persistent passive haptic feedback in believable way.

3 System Overview

We developed and tested some games for elderly people. The games are executed using
a tabletop interface, u-Table, tangible objects and their associated interaction methods.

3.1 u-Table

The tabletop interface consists of a beam projector, a rear-projected screen, a frame,
mirrors, a camera and a media server.[10]. Figure 1 shows an overall view.
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The media server is the main engine
for the games. The top of u-Table is a
rear-projected screen which is used as not
only an output display device but also an
input device for recognizing fingertips
and gestures of its users. Images from the
beam projector are reflected by mirrors
and displayed on the top of u-Table. In-
puts from the users are recognized by the
camera and the media server. Fig. 1. u-Table

u-Table can be operated by fingertips
and gestures which are intuitive and natural for elderly people to use. Therefore, eld-
erly people hardly show reluctance to play computer games using u-Table. Also, this
tabletop interface could be an excellent place to meet and play games together with
friends, family and colleagues.

3.2 Interactions

The main interaction method of the games using u-Table is touching a screen with
fingertips. The screen-touching method is used to select, drag and match widgets on
the screen. The fingertips and the dragging gestures are the main interaction method.

The screen touching interaction provides natural mapping between visual informa-
tion and action. In this way, the user can experience immersive motion, which is also
defined as believable interaction.

Special fishing rods and fishing hooks were made for a game of fishing, The fish-
ing rod gives feelings of throwing and fishing. The fishing hook is put on the screen
and recognized by u-Table. When the users feel that fish can be caught using the
fishing rod, they snatch the rod to get the fish.

4 Edutainment Contents

Four games were selected to be digitalized. Each one was presented in u-Table with
appropriate tangible interface if necessary. When the digitalized game started, a brief
introductory explanation was provided by both text and sound data. Like other games,
cheerful sound and music were essential. Also, applauding messages and sounds were
provided, when the users successfully finished the games.

Each game was designed to provide both physical exercises and mental exercised.
Details of the desired effects are given in [11].

4.1 Virtual Fishing

Fishing is one of the favorite sports which could be played by elderly people. Its digi-
talized version using u-Table is called Virtual Fishing. The player could catch fish on
a screen (a top of u-Table) using a special fishing rod. Sound effects and animation of
fish were provided as feedbacks to users’ actions of snatching a fishing rod, catching
fish, finishing the game, etc.
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Fig. 2. Interaction Metaphor of Virtual Fishing

4.2 Word Puzzle

Elderly people liked to play with names and pictures of traditional items. The Word
Puzzle game presented pictures of old items and their names on a screen. Colors and
shapes of widgets on a screen could also be used in matching the items and the names
as shown in Figure 3. Players could use their fingertips to select objects and drag
them to combine.

Text, sound, and animation effects were provided, when meaningful events oc-
curred. When a right pair of a picture and a word card was successfully combined,
music and sound effects were provided.

Fig. 3. Interaction Metaphor of Word Puzzle

4.3 Matching Cards

The “Matching Cards” game was known to be useful to maintain remembrance power
of its players. First, the cards were open to be remembered by players for 30 seconds.
Then, the cards were flipped. The players had to remember the cards and open to find
a pair of matched cards.

Fig. 4. Interaction Metaphor of Matching Cards
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4.4 Bean-Pocket Game

The traditional bean-pocket game is throwing a bean/rice-packed ‘pockets’ to target
balls. In the digitalized version, the traditional game is transformed into a kind of
board game. User throws the ‘pocket’ onto the target which has a set of numbers on it.
If the ‘pocket’ is placed onto a specific number, a stone corresponding to the user is
moving forward on the board according to the number.

To increase interest, the game is designed based on a Korean fairy tale ‘Sun and
Moon’. The game background story is presented to the user before the game play as
an introduction movie.

Fig. 5. Interaction Metaphor of Bean-Pocket Game

S Experiments

5.1 Experiment 1: Familiar Interaction Metaphor

The experiment 1 is extended from the previous experiments [11]. The extension is
made on evaluation the performance for the wider range of age groups. Also, Bean-
Pocket game is added to the previous one.

The games were played by 15 people as the second study after the first one [11].
The subjects were equally selected for their age groups of 20, 30, 40, 50 and 60. Each
age group consists of three women and three men.

To measure the effects of familiarity to the interaction metaphor, performances of
playing the games were measured over trials. As the subjects executed the games,
their performances such as numbers of caught fish and completion time were evalu-
ated. To measure the effects of familiar interaction metaphor, we tested learning
curves of the digitalized game.

5.1.1 Virtual Fishing

The subjects were asked to play Virtual Fishing for 1 minute. The numbers of fish
caught by the players were counted after completing games. They played the game for
three times. Figure 6 presents the numbers of fish caught by the different age groups
for each trial. The numbers of fish increased in all age groups, as they tried more
games.
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Fig. 6. Number of fishes caught in 1 minute by different age group for each trial

5.1.2 Word Puzzle

The completion time of Word Puzzle was presented in Figure 7. Each subject played
it for three times. The familiarity of the interface could be detected, since the comple-
tion times of the subjects were reduced as they played more games.
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Fig. 7. Completion times of Games by different age groups Left: Word Puzzle game, Right:
Matching Card game

5.1.3 Matching Cards [11]

Matching Cards game was tested in the pre-experiments with 6 subjects with three
different age groups. In the extended experiment the game was removed because the
types and result is quite similar with that of Word Puzzle. Both games require motion
of both hands for the game with the card game metaphor. The pre-experiment result is
shown in Figure 7. Each subject played it three times. In this experiment, the fifties
group did not demonstrate the learning effects much. They seemed to be acquainted
with u-Table quite quickly in this case of playing the Matching Cards game. It follows
that u-Table is easier to learn and more convenient to use.

5.1.4 Bean-Pocket Game

Each player throws a pocket at the target on u-Table. Each subject played it three
times after the pre-session. The pre-session consists of verbal explanation and a cou-
ple of trial throws.

The completion time for each trial is shown in Figure 8. At the first trial, most
players were not able to throw the pocket correctly at the target even after the pre-
session. But after the first game, most age groups showed the improved results.

As with the other games, this game shows good learning curves for most age
groups. The players with age group 60 experienced difficulties in subtle motion con-
trol to throw the pocket precisely onto the target. But even for this case, the later trial
gives much better performance than the first one.
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Fig. 8. Completion time of Bean-Pocket Games by different age groups
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5.1.5 Subject Interview and Summary of the Experimental Results
The subjects were interviewed after the experiments. Their backgrounds and experi-
ences with computers were examined. Feedbacks are summarized as following.

- Positive feedbacks
e Was interesting to use u-Table and elderly groups preferred u-Table more.
e Elderly groups showed more positive attitudes in computer games after the

experiments
e Exchanged opinion more with others
- Negative feedbacks

e No active force feedback in u-Table
e After hours of play, some muscle pain was reported.

Muscle pain is supposed to be caused by single-directional view for the entire session.
Each subjects played 30 minutes or more for each game while focusing on the table
with the same posture. For the better result it would be better to provide movement of
whole body with view change, to reduce the undesired pains.

Mostly the interview feedback was positive. It is interesting to note that the u-
Table is preferred more in the elderly groups, although the preference of u-Table is
positive in all age groups. It could be assumed that younger groups are already famil-
iar with keyboard and mouse and they could have better impression on it compared to
the elderly groups who has little experience on keyboard and mouse interface.

In summary, it could be stated that the u-Table could provide good learning curves
even for people with little experience of computers. Also, it is not very sufficient to
state with only three trials, we can assume that if certain age group perceives the in-
terface as familiar, it does not require excessive learning in interface but enables to be
focused on the game itself. It can be deduced from the fact that for the higher age
group, learning curve goes in steeper. The only exception is the Bean-Pocket game as
it requires some physical limitation of motion control for elderly age group. In this
case, learning curves of elderly groups show saturation behavior after a few trials.

The overall result could mean that even though the mental perception may require
additional exercise while the physical perception could be learnt easily. This claim
could be supported by the comparison experiments given in next section. The learning
curves of conventional interface are steeper than that of u-Table [Figure 9].

As the further experiment, it is necessary to compare learning curves with more tri-
als for different age groups. In this pilot experiment, results are clearly separated
among different age groups. Thus we didn’t apply any further statistical analysis on it.
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5.2 Experiment 2: u-Table vs. Interaction without Immersive Motion [11]

It is assumed that the immersive motions provided by the believable metaphor with u-
Table could provide better performances than the conventional interaction method
with a mouse. To measure the effects of believable interaction metaphor, performance
to complete each game was measured. If the performance and level of satisfaction in
game is higher in proposed metaphor, it could be considered as more believable. This
experiment is performed in our previous work [11]. In this section, summary and re-
interpretation of results is given.

Total 8 subjects, 3 women and 5 men, were tested in this experiment. They were
selected for three different age groups, 4 with their 50s, 2 of 60s and 2 of 70s. The
subjects were asked to play the same games using a mouse and a wide-screen monitor
as shown in Figure 10. Their performances were measured for the Word Puzzle game
and the Matching Cards game. The completion times were measured. Bean-pocket
game is not included in this experiment because the game itself is not suitable to be
implemented using keyboard/mouse interfaces.

5.2.1 Performance Evaluation
As shown in Figure 10, the u-Table showed better performances. The subjects showed
better performances with u-Table from the beginning to the end. It implies that u-
Table is easier to learn and more convenient to use.

Most elderly people, who participated in the experiments, did not have previous
experiences of using computers. From the beginning, they were reluctant to play the

Second. AgeS0  —-Mouse —e—u-Tatle Second Aze60  ~M-Mouse —a—uTable Second AgeT0 —id-Mouse —o—uTable

150 e 150 e

Fig. 9. Comparison of completion times of the Word Puzzle game for an interface with direct
motion — u-table and an interface without a motion — mouse, by different age groups

Fig. 10. Two types of play Left: Playing Word Puzzle with u-Table Right: Playing the Match-
ing Cards game with a mouse and a wide-screen display device
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Fig. 11. Completion time of the Matching Cards game

games using a mouse. After they played the games using u-Table, they changed and
tried the games with a mouse. Thus it could be safely considered that in learning
curves for the mouse interface, the effect of learning the digitalized game itself is not
included.

In the case of the Matching Cards game, the assumption was valid as shown in
Figure 11. u-Table showed better performances than a mouse.

Two subjects had experiences with computers and the rest of the subjects never
used computers before the experiments. The inexperienced subjects had a hard time to
understand the relationships of a mouse and a cursor. They did not how to use
a mouse and a screen smoothly in order to play the games at the beginning of the
experiments. But they could learn and manipulate a mouse as they tried the games
several times.

5.2.2 Subject Interview

The subjects were interviewed after the experiments. Their backgrounds and experiences
with computers were examined. The subjective satisfactions about playing the games
with u-Table were surveyed. The following questions are asked on the questionnaire.

1. Have you any experience in using computer?

2. Did you enjoy the game?

3. Did you feel any uncomfortness during play?

4. Was it fun enough in comparison with real-world games?

5. Which interface do you prefer as an easy game interface?

6. Which interface do you prefer as a comfort interface?

7. Do you change your mind on using computers after playing games with

u-Table? If so, is it positive or negative?
Table 1. Answers to the questionnaire

Age Gender 1 2 3 4 5 6 7
50 Man 0 0 0 o | u-Table | u-Table Positive
51 Man X o o o | u-Table | u-Table Positive
54 Woman X o o o | u-Table | u-Table Positive
57 Man X o o o | u-Table | u-Table Positive
63 Woman X o o o | u-Table | u-Table Positive
65 Woman X o o o | u-Table | u-Table Positive
70 Man X o o o | u-Table | u-Table Positive
71 Man X o o o | u-Table | u-Table Positive




164 H. Kim, Y. Roh, and J.-1. Kim

All subjects were stated satisfaction with u-Table and the games. They told that
they had changed their opinions about computer games. Also, the digitalized ‘folk’
games seemed to be friendlier to them rather than modern computer games. It means
that with the proper contents and metaphor, the introduction to the computer could be
easier than other methods. The interactions with fingertips were reported easier.

6 Concluding Remarks

In this paper, a tabletop interface, u-Table, and its associated tangible interfaces were
applied to motion based games for elderly people. The interactions of the games were
based on fingertips, tangible interfaces and their associated gestures. A set of games
were digitalized and played by the elderly people.

They were asked to play the games with u-Table and a mouse for comparative ex-
periments. The experimental results demonstrated that people could cooperate and
talk over u-Table to complete the games. On the other hand, they played the games
alone without much conversation, when the games were played using computers.

Through a series of experiments, we observed that the proposed interaction meta-
phor could be familiar and immersive, which brings better performances and more
adaptive to the interface. The immersive motion interface could be a good alternative
metaphor for edutainment contents for elderly people. To support this claim, we need
to have more experiments, such as measuring complete learning curves with several
more trials. Also, measurements of tiredness to each interface would be helpful to
observe effect of believability.

It is planned to develop various kinds of games for elderly people. The main focus
is to increase and/or at least maintain both mental and physical powers of elderly
people. The games must be tested and evaluated with more elderly people.

A joint project will be proposed. A sanatorium and a university hospital will apply
the u-Table based games to their patients. The goal is to develop a joyful and effective
rehabilitation program for elderly people.

Acknowledgement

This research was supported by the Seoul R&BD Program (10581), ‘Building an
Innovation Cluster of Digital Contents Industries for u-Life’. The preliminary experi-
ments were conducted in collaboration with TaeDoo Hwang, Jun Lee, SungJun Park
and HaeWon Shin.

References

1. van de Watering, M.: The Impact of Computer Technology on the Elderly, Human Com-
puter Interaction (2005), http://www.few.vu.nl/~rvdwate/

2. Heller, R., Jorge, J., Guedj, R.: Accessibility of Ubiquitous Computing: Providing for the
Elderly. In: EC/NSF Workshop on Universal Accessibility of Ubiquitous Computing, May
22-25(2001)



10.

11.

12.

13.

14.

An Immersive Motion Interface with Edutainment Contents for Elderly People 165

World Population Prospects: The 2004 Revision, Highlights, United Nations, New York,
USA (2005)

Magerkurth, C., Engelke, T., Memisoglu, M.: Augmenting the Virtual Domain with Physi-
cal and Social Elements: Towards a Paradigm Shift in Computer Entertainment Technol-
ogy. Computers in Entertainment (CIE) 2(4) (October 2004)

. de Aguilera, M., Mendiz, A.: Video games and education. ACM Computers in Entertain-

ment 1(1) (October 2003)

Gregor, P., Newell, A., Zajicek, M.: Designing for Dynamic Diversity, interfaces for older
people. In: Proceedings of 5th ACM/SIGAPH Conference on Assistive Technologies, Ed-
inburgh, Scotland, July 8-10, 2002, pp. 151-156 (2002)

Okano, Y., Ito, Y., Nitta, T.: A Study on the Application of DVE to a Mental Support Sys-
tem for the Aged Segregated from Family. In: TABLETOP 2006. IEEE, Los Alamitos
(2006)

Kern, D., Stringer, M., Geraldine, Schmidt, A.: Curball — a prototype tangible game for in-
ter-generational play. In: WETICE 2006. IEEE, Los Alamitos (2006)

Cheok, A.D., Lee, S., Kodagoda, S., Tat, K.E., Thang, L.N.: A Social and Physical Inter-
Generational Computer Game for the Elderly and Children: Age Invaders. In: ISWC 2005.
IEEE, Los Alamitos (2005)

Lee, J., Kim, J.-I.: u-Table: A Tabletop Interface for Multiple Users. In: Gavrilova, M.L.,
Gervasi, O., Kumar, V., Tan, C.J.K., Taniar, D., Lagand, A., Mun, Y., Choo, H. (eds.) IC-
CSA 2006. LNCS, vol. 3980, pp. 983-992. Springer, Heidelberg (2006)

Kim, J.-I., Hwang, T., Roh, Y., Lee, J., Park, S., Shin, H.: Application of a Tabletop Inter-
face to Edutainment Contents for Elderly People. In: Tabletop 2007 (2007)

Kim, H.: Tangible multimodal interaction for ubiquitous media interface: touching believ-
able media, presentation in La simulation virtuelle du toucher (October 2006)
Papagiannakis, G., Kim, H., Magnenat-Thalmann, N.: Believability and Presence in Mo-
bile Mixed Reality Environments. In: Proceedings of IEEE VR 2005 workshop on virtual-
ity structure, Bonn, Germany (March 2005)

Lee, J., Lee, J., Kim, H., Kim, J.-I.: Believable Interaction with a Quasi-tangible Tabletop
Interface. Computer Animation and Virtual Worlds 18(2), 121-132 (2007)



Design of Experience and Flow in Movement-Based
Interaction

Anton Nijholt, Betsy van Dijk, and Dennis Reidsma

University of Twente, Human Media Interaction,
PO Box 217, 7500 AE Enschede, the Netherlands
anijholt@cs.utwente.nl

Abstract. Movement-based and exertion interfaces assume that their users
move. Users have to perform exercises, they have to dance, they have to golf or
football, or they want to train particular bodily skills. Many examples of those
interfaces exist, sometimes asking for subtle interaction between user and inter-
face and sometimes asking for ‘brute force’ exertion interaction between user
and interface. In these interfaces it is often the case that the interface mediates
between players of a game. Obviously, one of the players may be a virtual hu-
man. We provide a ‘state of the art survey’ of such interfaces and in particular
look at intelligent exertion interfaces, interfaces that know about their users and
even try to anticipate what their users prepare to do. That is, we embed this in-
terface research in ambient intelligence and entertainment computing research,
and the interfaces we consider are not only mediating, but they also ‘add’ intel-
ligence to the game. Other issues that will be discussed are ‘flow’ and ‘en-
gagement’ for exertion interfaces. Intelligent exertion interfaces, being able to
know and learn about their users, should also be able to provide means to keep
their users engaged and in the flow of the game and entertainment experience.
Unlike the situation with traditional desktop game research where we can ob-
serve lots of research activity trying to define, interpret and evaluate issues such
as ‘flow’ and ‘immersion’, in movement-based interfaces these concepts need
to be reconsidered and new ways of evaluation have to be defined.

Keywords: movement-based interfaces, exertion interfaces, ambient intelli-
gence, games, entertainment, human-computer interaction, interaction coordina-
tion, design, evaluation.

1 Introduction

Nowadays, when we talk about human-computer interaction, it is not about the mouse
and the keyboard anymore. Clearly, mouse and keyboard are useful and needed for
many useful and boring tasks, but they do not provide natural and non-intrusive inter-
action between humans and the environments in which they live and work. The envi-
ronments in which humans live are now becoming equipped with sensors that collect
data about what is going on in the environments and are backed up by computers that
integrate and interpret this data. Hence, we have environments that can observe their
human inhabitants, can interpret what they know, want and do, and re-actively and
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pro-activily support them in their activities. In these ambient intelligence environ-
ments there is an inhabitant (often called a user), but more importantly, this ‘user’ is
one of the many ‘agents’ that are modeled in such environments. Human inhabitants,
(semi-) autonomous human-like agents (virtual humans, robots), and ‘intelligent de-
vices’ such as furniture and other natural and obvious devices (pets, TV, pda’s ...)
with embedded artificial intelligence will be considered part of these environments.

User interfaces have been introduced that offer, elicit and stimulate bodily activity
for recreational and health purposes. Obviously, there are other applications that can
be informed and guided by bodily activity information and that can be controlled by
such information. For example, in a smart, sensor-equipped, home environment bod-
ily activity can be employed to control devices, or the smart home environment might
anticipate our activities and behave in a pro-active and anticipatory supporting way.
Although in home environments there exists freedom concerning when and how to
perform tasks, there are regular patterns of bodily activity and therefore activities can
be predicted and anomalies can be detected. In task-oriented environments, e.g. an
office environment, people probably have more well-defined tasks where efficiency
plays an important role. Smart office furniture can provide context and task aware
support to a moving office worker.

1.1 Exertion Interfaces

In previous years exertion interfaces have been introduced [1]. In game or entertain-
ment environments the ‘user’ may take part in events that require bodily interaction
with sensor-equipped environments. This can be a home environment, but it can be a
city environment as well. For example, in a home environment we can have a user use
an exercise bicycle or a treadmill to navigate or play a game in a ‘Second Life’-like
environment. Clearly, we can inform the user about performance in the past (allowing
him or her to compete with him- or herself) and we can inform the user about the
performance of other users. In an urban game, mobile devices may be used to inform
the users about activities they have to perform or about activities of their partners or
opponents in the game. The game can require the gamer to walk, run, or perform
other activities, in order to compete or cooperate with others involved in the game.
Other types of exertion interfaces have been designed. Some characteristic examples
will be discussed later in this paper.

In this paper we assume that exertion interfaces can be anywhere: in home, office,
entertainment, sports, fitness, and medical environments, and also in public spaces.
The motivation to use them can differ. For example, we can look at exertion exercises
to improve health conditions, sports performance, or (therapeutic) physical rehabilita-
tion. Often these interfaces are promoted from the point of view of fighting obesity.
But, we want to look at exertion interfaces that are designed to provide fun and that
engage a user in a game and entertainment experience, and in which considerations
about health, physical performance, and rehabilitation are important, but by-products.

The main aim of this paper is to make an inventory of the issues that need to be
considered when we want to embed exertion interface design in the frameworks that
have been suggested for game design.

The organization of this paper is as follows. In section 2 we discuss existing exertion
interfaces. A state-of-the-art survey is presented, where we look at exertion interfaces
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that allow direct and mediated interaction. Section 3 of this paper is on ‘intelligence’ in
exertion interfaces. That is, how does the interface perceive and interpret the exertion
activities of the user? Obviously, in general this requires interpretation of multi-modal
input signals; in particular we look at audio-visual signals and the interpretation of these
signals in order to provide the user with relevant (and stimulating) feedback. In section
4 we draw some conclusions and discuss future research.

2 Exertion and Entertainment Interfaces

As mentioned, in this paper we look at exertion interfaces. Exertion interfaces require
exertion from the user. In fact, they are designed in order to elicit exertion. This re-
quires an explanation. Reasons to design exertion interfaces are that exertion can be
fun, social and satisfying (look at the many people that take part in sport events such
as the New York, London, Berlin, or Rotterdam marathons) and that exertion inter-
faces can help users to improve their physical skills, and can help to improve health
conditions.

In this section we give examples of various exertion interfaces. Some inventories
of exertion interfaces were made by our students (see [2] and [3]) and in 2007 and
2008 two workshops were held at the Computer Human Interaction (CHI) confer-
ences in San Jose and in Florence. Some of the examples mentioned below are drawn
from these papers and workshops. We distinguish three ways of looking at exertion
interfaces: adding game experience to exertion, adding exertion experience to games,
and, obviously, have an approach where game, entertainment, and exertion experience
come together in the design of an entertainment or game environment. Important is
that in all these cases exertion and game elements are coupled. Game elements seduce
and motivate users to engage in physical activity. Using exertion interfaces has also
been called exergaming. Already in the early 1980’s we can recognize examples of
exergaming, e.g. the Atari Puffer exercise bike or games with foot operated pads.

Clearly, an obvious way to obtain an exertion interface is to connect existing exer-
cise devices (treadmills, rowing machines, exercise bikes) to an activity in a 3D
virtual environment or in a game environment. The exercise device can be used to
control a game, or to navigate in an interesting virtual environment (e.g., a beautiful
landscape, or a Second Life city-like environment). In the virtual environment we can
introduce challenges, competition and social interaction with other users. A well-
known early example is the Virku (Virtual Fitness Centre) research project [4], where
a traditional exercise bike is used to explore interesting surroundings and where envi-
ronmental sounds are added to these surroundings to increase the presence of the user.
Clearly, when a user cycles uphill it will take more effort and when going downhill
less effort. In a similar project [5] it was investigated whether an increase in presence
(by making the environment more realistic) led to an increase in performance. It
turned out that the users not only pedaled faster, but also cycled much further without
realizing how much more effort they put in.

In contrast to the idea of connecting an existing exercise device to a game or enter-
tainment environment, we can also look at interfaces where ideas about exertion,
games, and entertainment are there from the beginning of the design. One early ex-
ample, the Nautilus game [6], can illustrate this. In this game a group of players have
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to work together and control the game (displayed on a big screen, sound effects and
light effects) with the group’s center of mass, speed and direction of movements that
are detected by floor sensors. A more recent floor-sensor controlled game, where an
existing game is provided with an exertion interface is a ‘space invaders’ game devel-
oped by the Mixed Reality Lab in Singapore [7]. In this game elderly and children
play together and have to follow patterns that light up on the game floor, but they are
also able to trigger bombs and rockets that force other players to jump out of the way
and use other sub panels on the floor.

One of the best known exertion interfaces is ‘sports over a distance’, where players
from different sites have to hit a wall with a ball [1]. The position on the wall and the
force with which the ball hits the wall are mediated and made visible for opponents. A
player can earn points by ‘breaking’ tiles on the wall and can profit from weak but not
yet broken tiles that are left by his or her opponent. ‘Sports over a distance’ can be
called a networked exertion interface. The same authors have introduced other net-
worked exertion interfaces. For example, airhockey, table tennis, and, more recently,
‘shadow boxing over a distance’ [8].

In these latter applications entertainment, including social interaction has been the
main reason to build these interfaces. Improving a particular skill in sports (e.g. baseball
[9] or Tai Chi [10]) or improving fitness (aerobics [11] or physiotherapy [12]) have also
been main reasons to introduce exertion interfaces. Finally, we need to mention the
commercially available exertion interfaces. From the success of Dance Dance Revolu-
tion, Sony’s EyeToy [13] applications and the WII Sports (tennis, golf, baseball, boxing
and bowling), we now may expect to see more advanced exertion interfaces in the future,
where the systems use more sensors that allow, among other things, audio-visual process-
ing and interpretation of the user's activities and affective state.

An attempt to provide a taxonomy of exertion interfaces is presented in [14]. Re-
cently a special issue on movement-based interaction appeared [15].

3 Intelligent Exertion Interfaces

Exertion interfaces require users to move their body and to use their arms and legs in
order to get things done. Intelligent exertion interfaces understand what the user is
doing and this understanding is used to provide better feedback.

Intelligent exertion interfaces detect a user’s activity and the (possibly continu-
ously) changing environment in which the user operates. That allows them to provide
real-time feedback that displays understanding of what the user is doing and experi-
encing. This makes the difference between many of the current exertion interfaces and
the advanced and intelligent interfaces that we see appear in research prototypes of
exertion interfaces. In addition, dependent on the application, in intelligent exertion
interfaces user feedback should be persuasive, motivating, and rewarding.

Game design requires designing game experience. We need to be aware which is-
sues play a role in experience, how we can adapt them to a particular user during the
game, and, in particular for our kind of research, what role does physical activity have
in the game experience. One point in particular is what the user can tell us or the in-
terface about his or her experiences. This can be done by conducting interviews, but
rather we would like to see automatic detection of the user’s experience and the
automatic adaptation of the game or exertion environment to improve the experience.
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3.1 More Advanced Sensing of User and Activities

As mentioned above, in order to design and implement successful exertion interfaces
that know about the experience of the users, we need exertion environments that can
detect, measure, and interpret physical activity. In the ball and shadow-boxing games
of ‘sports over a distance’ [1,8], for example, there is no direct sensing of body
movements or physiological information. ‘Only’ the result of the exertion (force,
location) is measured and mediated. In contrast - without necessarily leading to a
‘better’ interface - there is also an interactive boxing interface, where the ‘punch’ is
recognized using gesture recognition with computer vision [16,17].

Hence, there exist exertion interfaces with direct sensing of bodily activity (body
movements, gestures, bodily and facial expressions, dynamic aspects of expression,
etc.) and of speech activity that accompanies bodily activity (effort and pain utter-
ances, laughs, prosodic aspects of speech utterances ...). Among the sensors are cam-
eras and microphones that allow visual and audio processing of a user’s activity. They
can provide information about location changes (tracking bodies and faces of indi-
viduals) and, among other things, frequency and expressiveness of movements. Other
sensors in exertion interfaces can detect touch, pressure or proximity.

Sensing user’s activity in ambient entertainment environments is discussed in [18].
Rather than using questionnaires it is discussed how in the near future information
obtained with computer vision and other sensors can help a movement-based interface
to consider experience related issues such as personality, mood, and also pain, fatigue,
frustration, irritation, etc.

One step further is to take into account physiological information obtained from
the user. This information can be used both to guide the interaction and to measure
the user experience [19,20]. In particular the recently started FP6 FUGA research
project [21] is meant to find game experience measures that are based on psycho-
physiological recordings and brain imaging techniques. Clearly, BCI (Brain-
Computer Interfacing) may be an extra source from which an interface can learn
about the way the user experiences the interaction (besides using it to control the
game as we can expect in the future) [22].

Finally, it should be mentioned that people will not always be willing to give away
too much information about themselves, in particular when they see the computer or
its embodiment in a virtual human as an opponent rather than as a system that tries to
increase a positive gaming or exertion experience [18,23].

3.2 Exertion Interfaces: Flow and Immersion?

When modeling game experience the two issues that often arise are ‘flow’ and ‘im-
mersion’. The theory of flow was introduced by Csikszentmihalyi [24]:

“a sense that one’s skills are adequate to cope with the challenges at hand, in a
goal-directed, rule-bound action system that provides clear rules as to how well
one is performing. Concentration is so intense that there is no attention left over to
think about anything irrelevant, or to worry about problems. Self-consciousness
disappears, and the sense of timing becomes distorted. An activity that produces
such experiences is so gratifying that people are willing to do it for its own sake,
with little concern for what they will get out of it...”
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Eight elements or features of this definition have been distinguished and generally
it is assumed that these elements should be present in a game. They are: challenging
activity that can be completed, facilitation of concentration, clear goals, immediate
feedback, deep and effortless involvement, sense of control over one’s actions, disap-
pearing concern for the self, and finally, altered sense of duration of time. All these
features can be found as prescriptions in present-day game design literature [25],
sometimes using more refined features (agency, rewards, narrative ...) and they play a
role in game experience evaluation. Until now, they have hardly been explicitly con-
sidered in the design of movement-based interfaces for exertion and entertainment. A
similar observation can be made for the concept of ‘immersion’. Immersion [26, p.98]
has been described as:

“The experience of being transported to an elaborately simulated place is pleasur-
able in itself, regardless of the fantasy content. We refer to this experience as im-
mersion. Immersion is a metaphorical term derived from the physical experience
of being submerged in water. We seek the same feeling from a psychologically
immersive experience that we do from a plunge in the ocean or swimming pool:
the sensation of being surrounded by a completely other reality, as different as wa-
ter is from air that takes over all of our attention our whole perceptual apparatus...”

Some attempts to provide more details to this definition can be found in the litera-
ture. For example, in [26] different types of immersion are identified: sensory immer-
sion, challenge-based immersion and imaginative immersion. Levels of immersion
(labeled engagement, engrossment, and total immersion) and how to cross barriers
between these levels have been discussed in [27]. Finding out how to ‘give hands and
feet’ to these concepts in movement-based interfaces and how to maximize flow and
immersion in these interfaces are important research questions that need to be ad-
dressed in future exertion interface research. We can learn from some literature of
flow in sports [28] and some recent and limited preliminary research on the design of
exertion interfaces [29,30,31,32].

3.3 Multimodal, Joint, and Coordinated Activity in Exertion Interaction

Exertion interfaces emphasize the conscious use of bodily activity (jogging, dancing,
playing music, sports, physical exercises, fitness, etc.) in coordination and sometimes
in competition with other human users (friends, community or team members, acci-
dental passers-by, opponents, etc.). Real-time coordinated interaction between human
partners or between humans and virtual or robotic partners makes exertion interfaces
exciting. In our research we are particularly interested in interfaces where the exertion
interaction takes place with virtual or robotic characters or where the users are able to
attribute human-like embodiment to the interface.

Coordination may be required by the rules of the game, the exercise or the tasks
that have to be performed ask for it, but most of all people engage in coordinated
interaction because it brings satisfaction and enjoyment. To illustrate this, the follow-
ing citation is from Clark [33]:

“A joint action is one that is carried out by an ensemble of people acting in coor-
dination with each other. As some simple examples, think of two people waltzing,
paddling a canoe, playing a piano duet, or making love.”
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Clearly, these are all joyful and engaging interactions. While Clark uses this obser-
vation to explore and develop theories of coordinated language use, we think it can be
a useful observation when designing and evaluating exertion interfaces. We have
studied face to face conversations, multi-party interaction, interactions between a
virtual and a human dancer [34], a virtual conductor and a human orchestra [35],
and a physiotherapist and her student [36] from the point of view of coordinated
interaction [37].

Underlying joint activities are rules and scripts. To learn these and to put them into
practice requires social intelligence, guided by empathy, moods and emotions. De-
spite many research results from social and behavioral sciences, computational mod-
els of joint activities are hardly available. This makes it difficult to design interfaces
that aim at providing a similar interactional experience between real humans and
virtual humans or robots, as is provided in a real-life human-human exertion activity,
as in dancing, paddling, playing quatremains, and making love. Endowing the com-
puter with a human-like appearance strengthens the expectation that the computer will
take part in joint activities in human-like ways. Hence, there is a need for computa-
tional modeling of human joint activities. We replace one of the human partners in a
joint exertion activity by a computer (i.e., a robot or a virtual human). Hence, we need
to model joint exertion interaction in order to have the computer behave in a natural
and engaging way.

In addition to rules that underlie joint activity there can be a need to align the inter-
action to external events over which the interaction partners do not necessarily have
control. E.g., if we have a human and a virtual dancer then their moves have to be
aligned with the music. Similarly, a virtual conductor and his human orchestra follow
the score; a virtual aerobics trainer and human student have to align their movements
to some kind of rhythm, often supported by upbeat music.

In our present research we investigate ways to measure engagement by looking at
the degree of coordination between the activities of a human and a virtual partner in
exertion and other entertainment interfaces [37]. In this research, supported by
[38,39,40] we investigate how to make entertainment interactions more engaging by
looking at interaction synchrony, where, on the one hand we aim at disturbing this
synchrony in order to introduce new challenges, and on the other hand we aim at
convergence towards coordinated anticipatory multi-modal interaction between hu-
man and artificial partners and their environment. Evidence that this approach will be
successful is yet insufficiently available. Moreover, there are so many different types
of exertion and movement-based entertainment interfaces that a comprehensive hy-
pothesis about the role of interaction synchrony can not be expected to be given.

Design of experience and flow now receives much attention. Most research how-
ever is still about ways to characterize complex concepts such as experience, immer-
sion, engagement, and flow. Exceptions are becoming available. For example, when
we see the mentioning of ‘altered sense of duration of time’ in the description of flow,
then indeed we can interview gamers about the time they think they have spent during
a game with the actual time that has been measured. Interesting hypotheses related to
our point of view on the role of interaction synchrony can be found in [41]. There the
authors hypothesize that when players are immersed in a game their eye and body
movements are different from those in a non-immersed situation. Obviously, again,
there are many types of games and for video games where the gamer controls a game
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using mouse and keyboard or a joystick we have a quite different situation when the
gamer is using a Wii remote control or a Wii Fit.

In our ‘implicit’ hypothesis on interactional synchrony we explicitly link this differ-
ence to the synchronization that is or is not present between gamer and game events.
Notice that the main characteristic of ‘flow’ is the balance between challenges and skills.
We can look at this as being able, as a gamer, to maintain a perfect coordination between
eye, finger, and body movements on the one hand, and game/exercise events on the other
hand. Obviously, when the game/exercise events are displayed by a virtual human, this
coordination (or the disturbance of coordination to start up a new convergence of move-
ments) becomes human-human non-verbal interaction coordination.

4 Conclusions

We surveyed characteristics of movement-based (or exertion) interfaces, i.e. inter-
faces that require and stimulate bodily activity. We discussed future research in this
area by zooming in on sensor technology, intelligence and well-known game design
and game experience principles. It was argued that for future development of interest-
ing exertion (sports and entertainment) interfaces it is useful to embed this research in
game design and game experience research. In addition we looked at a possible
role for coordinated interaction research in the design and the evaluation of exertion
interfaces.
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Abstract. This paper extends the funnelling behavior to offer a low-cost flexi-
ble guidance of mobile entities towards a circular region goal with the guaran-
tee of enforcing an orientation within a predefined tolerance interval. The key
requirements are the same as the funnelling control, i.e. a low and constant cost
update of the control even when the goal parameters change (distance and rela-
tive orientation of the goal, position tolerance radius, orientation tolerance
interval, desired speed). The smoothness and the optimality of the resulting tra-
jectory being of high importance the paper qualitatively compares the trajecto-
ries produced by both funnelling algorithms. The new relaxed approach
appears to produce smoother and shorter path for path made of a succession of
large region goals. These qualities and its low cost advocate for its exploitation
for moving through large dynamically changing regions without precise a priori
planning.

1 Introduction

Despite describing a large repertoire of steering behaviors, the key paper from Rey-
nolds [R99] does not offer a method for reaching a target position with a prescribed
orientation. A fast controller achieving such a funnelling behavior has been intro-
duced in [B05a,b] as illustrated in Fig. 1 that compares trajectories for reaching a
target position (red circle) without (left) and with a prescribed orientation S (right). At
its core lies a simple seek Proportional-Derivative orientation controller aiming at
zeroing the orientation error & between the forward direction and the radial direction
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Fig. 1. : (a) reaching three position goals with a “seek” controller, (b) reaching the same posi-

tion with a prescribed final orientation £ with a funnelling controller [B05a,b]
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linking the current position to the desired position (Fig. 1 left). The funnelling behav-
ior modulates the goal of the seek controller to achieve the desired orientation £.

The next section briefly situates this approach with respect to prior efforts in gait
trajectory control for crowds with an emphasis on collision avoidance.

2 Background

Reynolds achieves collision avoidance in [R99] first by extrapolating the trajectory as
a straight line; in a second stage a repulsive behavior is exploited whenever the ex-
trapolated trajectory intersects an obstacle. This is generalized for multiple moving
entities ; it results in a combination of turning away and accelerating/decelerating
depending on the relative location of colliding entities [ROO]. An especially demand-
ing class of moving entities requesting finely tuned steering behaviors is the Robot-
Cup soccer agent described in [BOMO3]. This work stresses limitation of the Seek
behavior such as getting trapped in local orbital minima and oscillations. Another
important class of characters is pedestrians; Helbings and Molnar have reproduced the
motion of pedestrians groups in some well-known contexts (e.g. corridor) by subject-
ing them to “social forces” resulting from the combination of potential fields [HM95].
Raup-Musse and Thalmann have exploited Bézier curves to introduce some variety in
groups’ behavior within a crowd [RO1]; collision avoidance is handled through the
intersection of predicted linear trajectories. A similar approach of collision avoidance
is adopted by Lamarche and Donikian [LD04]. Metoyer and Hodgins have associated
potential fields to user-supplied natural path and proposed a higher level management
of pedestrian collision avoidance [MHO04]. Brogan and Johnson have built a walking
path model from measurements from which they construct a heading chart ensuring
trajectories with minimal radius of curvature towards a goal while avoiding static
obstacles [BJO3]. Another approach based on measured data is described in [PPD07]
where two subjects modify their trajectories to avoid colliding into each other. A
model is derived for controlling walking agents in a crowd.

A planning approach exploiting probabilistic roadmaps is described in [PO8]; the
approach allows to prevent collisions between a moving human body and a complex
static environment. A partial planning approach is proposed in Go et al. [GTKO06]; it
offers a good compromise between the reactivity to a dynamic environment and local
minima avoidance. These authors pre-calculate 3D trajectory segments in a local
coordinate system for a sampling of various initial conditions; this high precision
prediction is made for the principal mobile entity while the prediction made for other
mutually dependent vehicles exploit a linear extrapolation

The trajectories produced with the funneling behavior [B0O5a] show high similari-
ties with the experimental trajectories studied in [ALHBO06]. A comparison with
Bezier curves highlights that their local curvature near the destination appears to be
independent of the distance for distances over 4 meters [BO5b]. The present paper
examine how to relax the funnelling control so as to fully take advantage of the con-
cept of region goal, for which any point of the region is equally valid as temporary
goal. This kind of region goals can easily be inferred from higher level planning data
structures such as the graph from [P08] or the corridors from [GKKO08]. We show
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that such an approach produces smoother and shorter paths than the standard funnel-
ling approach. In the longer term we adhere to the idea of steering benchmarks that
include not only relaxed funnelling reaches as described here but also more complex
scenarios involving a higher management level for collision avoidance [SNKFROS].

The paper first illustrates the key concepts behind the standard funnelling approach
and highlights the comparison with human trajectories. We then stress the limitation
of the concept of position tolerance when exploited in that framework. The principle
of the relaxed funnelling is then presented in details. Various case studies compare
both algorithm prior to report on their relative computing cost. The conclusion sum-
marizes the various advantages introduced by the relaxed funnelling and suggests
future directions of researches.
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Fig. 2. (a) the radial direction is the heading direction for the seek controller, (b) funneling
controller modulating the heading direction to achieve a target orientation

3 The Standard Funnelling Controller

The seek controller we exploit is different from the one proposed in [R99] as we pre-
vent high angular and normal accelerations. The radial direction (Fig. 2a) is considered
as the desired heading direction to be achieved by the mobile entity. One key angle to
notice is the angle 7 made by the tangential direction at the target with the initial radial
direction ; it is pre-computed for an anisotropic polar sampling of position goals
(Fig 3a). The funnelling controller modulates the desired heading direction so that a
desired final orientation £ is finally achieved at the target position (Figure 2b). The
modulation is a function of the angular difference 477=6—7 between the desired direc-
tion £ and the tangential direction 7 that would be obtained with the sole seek control-
ler. This angle error A7 is almost the only input for updating the angular acceleration ;
it requests only to interpolate the 77 angle from the pre-computed table. In a second
stage we ensure the convergence of the control algorithm by computing an upper limit
for the quantity (-47) applied to the desired heading direction. The result is the modu-
lated heading direction ¥ that is provided as instantaneous goal to the plain seek con-
troller (Figure 2b).
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Fig. 3. (a) Anisotropic polar sampling for precomputing the 77 angle : the horizontal axis is
oriented along the forward direction of the mobile entity. Central region of the local funnelling
field build from the precomputed 7 angles for slow (b) and normal (c) linear velocities (null
angular velocity in both cases). The darker colour around the mobile entity in (c) indicates that
the corresponding sampled target could not be reached with the default seek controller [BO5a];
the 77 angle obtained successfully for a smaller desired velocity is stored and displayed instead.

Conceptually the funnelling approach can be viewed as a field-driven steering ap-
proach. A major difference with other approaches relying on vector fields for steering
is that our field is expressed in the local coordinate system of the mobile entity. More-
over the stored 77 angle for each sampled goal (Fig 3a) is a function of three variables,
namely the current linear and angular velocities and the desired linear velocity. This
explains the displayed variations between Fig.3 b (slow linear velocities) and Fig. 3¢

b

Fig. 4. (a -> b, left to right) examples of states extracted from the trajectory of a case similar to
Fig2b where the target location and orientation are indicated by their respective tolerances with
a circle and a triangle. Also visible are the current radial direction in black, the interpolated
7 angle at the target location, the modulated heading direction yat the current location and the
closest_distance ring of the local field.
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Fig. 5. Funnelling trajectories replicating human gait trajectories measured in [ALHBO06]

(normal desired linear velocities). In the first case the final tangential directions ap-
pear to be oriented radially (Fig. 3b) whereas this is only the case for sampled goals
lying in front of the mobile entity for Fig.3 c.

Fig. 4 a,b show both 77and yangles displayed for states extracted from a case analog
to the one of Fig2. b. Only one ring of the local vector field is displayed for clarity pur-
pose. In that example the initial and desired linear velocities have mid-range values.
More trajectories resulting from the funnelling control are shown on Fig.5. All have the
same initial state and desired global orientation but distinct target locations. This case
corresponds to one case of the experimental protocol used in [ALHBO06] for measuring
human gait trajectories. The simulated funnelling trajectories offer high similarities with
those captured [ALHBO06]. For more details on the standard funnelling see [B05a,b].

4 Funnelling towards a Region Goal

Defining a tolerance around the

g
T desired position (red circle) allows

@ @ @ 7 to relax the steering to a pure direc-
tion control once the position toler-

\wa ance is met (Fig. 6a). However in

these examples the & angle is still
computed with respect to the centre
of the region (Fig. 6b).

In the present section we intro-
duce a relaxation of the target loca-
tion in order to produce a smoother
trajectory (e.g. Fig. 6¢).

Fig. 6. Relaxed steering, (a) (b) with a tolerance,
(c ) sampled goal with smallest An
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4.1 Tolerance Management vs. Region Goal

The relaxation introduced by the concept of region goal goes beyond the basic exploi-
tation of the position tolerance in the standard funnelling algorithm. Let us recall that
standard approach first; in that context, whenever the current location of the mobile
entity appears to lies within the circle defined by the position tolerance, the control
does not care anymore about the position control but focus only on completing the
desired orientation [B05a]. This explains why in Fig 6a the mobile entity does not
always achieves simultaneously the desired location and the desired orientation. We
advocate for adopting such flexible approach as we can always reduce the radius of
the position tolerance to enforce a stricter achievement.

Despite the flexibility offered by such a tolerance management, the control is still
based on the location of a single point within the tolerance circle, i.e. its centre. This
may lead to artificially curved trajectories as illustrated on Fig. 6b. One intuitively
understands that, within the tolerance circle, there may exist a better target location
for achieving the desired orientation. This is illustrated on Fig. 6¢c where indeed a
different target position induces a smoother trajectory while respecting both the de-
sired position and the orientation tolerances.

Thus the relaxed funnelling is based on the concept of region goal for which any
point belonging to the tolerance circle is eligible to become the target position used
for the algorithm described in the previous section. Then two questions arise: how to
select such a point within the tolerance circle ? and how do we ensure the stability of
such a relaxed steering ?

4.2 Selecting the Best Target Position and Ensuring Stability of the Control

4.2.1 Principal Criterion

Selecting the best target position means defining an optimality criterion. We have
logically adopted the criterion of minimizing the 1477 | quantity within the tolerance
disk as justified now. This choice derives from the way the standard funnelling con-
trol is defined for achieving a desired orientation. Indeed when the desired orientation
B matches the 77 angle then the 47 quantity is null and the funnelling control reduces
to a simple seek strategy. Our working hypothesis is that such a seek control defines a
control cost minima compared to all other cases for which 1477| >0. So selecting the
best target position amounts to find the point(s) within the tolerance circle that mini-
mize 147 | because such a target location minimizes the control cost.

4.2.2 Secondary Criterion

The second issue to address is whether multiple optimal points exist in the sense of
the above criterion and how to choose the best one among them. Fig. 3 provides hints
that indeed there is often a complex subspace of the tolerance region that minimizes
the 1A4n| criterion. As a consequence we have considered an additional secondary
criterion of minimizing la that is exploited only for the solutions producing a null
|An |. Minimizing such a secondary criterion corresponds to favor straight line move-
ments over curved movements which is particularly pertinent for producing smooth
and short trajectories.
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4.2.3 Restricted Search of the Optimal Relaxed Direction

Even the two-levels criterion outlined above may produce multiple optimal solution,
e.g. when the tolerance region lies in front of the mobile entity. For this reason, and
with the additional requirement of minimizing the search computing cost, we have
retained to restrict the search to the arc A= [Guin, Oar] defined as the intersection of
the position tolerance disk with the sampled arc of radius nearest to the disk centre.
Fig. 4 displays the full nearest ring for a few states along a given trajectory towards an
oriented goal (only the vectors built from the sampled & + 7 quantity are displayed,
hence their number is reduced for a distant target as visible on Fig. 3a).

4.2.4 Determining the Optimal Relaxed Direction ¢;
The second major working hypothesis for determining the optimal relaxed direction is
the monotonous variation of (@ + 77) over the whole restricted arc 4 even if it crosses
0; by construction the relaxed steering handles only cases with 4 included within [-
T+

This hypothesis ensures that we have a monotonous span of final orientation ¥ =
[Conin * N (Ciins ), Cnax#1(Cnax: )] OVer the restricted arc 4. The interval ¥ itself may
spread beyond [-m,+m]. The relaxed steering algorithm then boils down to find the
angle ¢; within 4 that minimizes the two-levels criterion described above between F
and the desired orientation tolerance interval 7. The pseudo-code is given in Fig. 7.

if the centre of F and T have opposite signs
if F and T overlap partially
An=0, a,= 0, End
else
Determine {{overlap},{gap}} for { £ 7,7 +/-2m)}
end if
else 7/the centre of F and T have the same sign
if one boundary of F and of 7 have the opposite sign
An=0, .= 0, End

else
Determine {{overlap}, {gap}} for { T}

end if
end if
if some overlap exist

An= 0,

o = mapped A value of the smallest |overlap boundary|
else

An= smallest gap between F and other intervals
o = A boundary of the smallest |gap|

end if

End

Fig. 7. Pseudo-code for determining the optimal relaxed direction ¢;
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The algorithm complexity is independent from the size of the intervals as we check
only the boundaries (owing to the monotony hypothesis). This makes the relaxed
steering computing cost similar to the one of the standard funnelling. We choose to
reduce the cost of evaluating the two 77 values for 4 boundaries by performing a sim-
ple linear interpolation from the table instead of a quintic linear one.

4.3 Two Examples

Figure 8 illustrates how the case of Fig6b is treated with the relaxed funnelling algo-
rithm ; the modulated heading direction ¥is constructed with respect to the relaxed
direction ¢ (to be compared with the standard radial direction ¢ also shown).

T c

Fig. 9. An is not null so only the |47 | minimization criterion is exploited to determine ¢

Figure 9 illustrates a more difficult case for which no relaxed direction can produce
a null A7. In that case the boundary of 4 minimizing 147 | is retained for ¢.

5 Trajectory Comparison

We present the trajectories obtained for the standard funnelling and the relaxed ver-
sion introduced in this paper for the same set of moving entities, oriented targets and
tolerances. Fig. 10,11, and 12 all show the resulting movement for nine mobile enti-
ties starting on the left side of the figures with an initial horizontal orientation. Fig.
10a,b,c are obtained with the standard funnelling whereas Fig.10 d,e.f are obtained
with the optimal relaxed direction. The target is defined by the tolerance disk with a
desired orientation indicated by the needle in the centre. Once the target is reached the
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mobile entities continues their path towards the next target (it was set as much as
possible in the same direction as the desired orientation). The comparison of a with d,
b with e, and ¢ with f clearly show that the relaxed steering produces less curved tra-
jectories for the same mobile entities. The traveled distance also appears to be fre-
quently smaller.

Fig. 10. Trajectories produced by the standard funnelling (top row) and the relaxed funnelling
(bottom row) for the same initial conditions: nine mobile entities enters the image from the left
side ; they all have the same position goal visible with a large tolerance circle of about 2m
radius with a prescribed orientation indicated by a pin shape( a & d: 0°, b & e:45°, ¢ & f:120°).
After reaching this goal they all have the same distant goal (not visible).

Fig. 11 highlights that the orientation tolerance is mostly beneficial to the relaxed
steering approach. Fig. 12 links multiple successive oriented targets. The relaxed
steering appears to produce a globally smoother and shorter path.

v

Fig. 11. Increasing the orientation tolerance has a minor impact on the trajectories produced
with the standard funnelling (a) compared to the much wider spread of trajectories achieved
with the relaxed one (b).
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a b

Fig. 12. Successive goals highlights the longer and more curved path produced by the standard
funnelling (a) compared to the more globally smoother and shorter one obtained with the re-
laxed algorithm (b). Note too the tendency of trajectories to converge to a single path independ-
ently of the initial conditions.

7 Performances and Conclusion

The funnelling control update cost (i.e. per frame) is almost independent of the goal
parameters. Measurements have been performed on an IBM Thinkpad T60 with Intel
Centrino Duo, 1.83 GHz. The computing costs (without display) are reported in Table
1 for the release executable code produced with Microsoft VS 2005 (the algorithm
implementation can still be improved). Average values have been computed over
roughly 100000 iterations of each algorithm.

Table 1. [min, max] measured average computing costs of one funnelling control update in s
(with the corresponding frequency in KHz) for a large range of oriented goal parameters

Small tolerances Large tolerances

(0.1m and 1°).

(2.5m and 15°)

Standard funnel-
ling

[BOS5]

[11us, 38us]
(90 KHz, 26 KHz)

[20us, 39us]
(50 KHz, 25 KHz)

Relaxed funnelling

[15us, 26us]
(67 KHz, 38 KHz)

[8us, 26s]
(125 KHz, 38 KHz)

Table 1 highlights that the standard and the relaxed funnelling costs do not differ
significantly when small position and orientation tolerances are used (an example of
application of such a context is handling precise interactions with objects of the envi-
ronment). On the other hand the relaxed funnelling tends to be on average 50%
cheaper for large tolerances typical of outdoor wandering with no precise path to
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follow. As a side note, the animation files that are visible on the associated web site
(http://vrlab.epfl.ch/~boulic/Steering/index.html) have been slowed down for easing
the understanding of the algorithm.

By construction the relaxed funnelling can smoothly integrate standard collision
avoidance approaches by adding the heading direction modulation induced by the
collision avoidance to the one resulting from the funnelling (either standard or re-
laxed). In case the contribution due to the collision avoidance pushes the mobile
entity away from its goal, the relaxed funnelling is able to dynamically adjust the
optimal relaxed direction within 4 at the next frame.

To conclude, we have presented the relaxed steering that monitors whether an eas-
ier to reach goal exists within the tolerance region and maintain always the easiest to
reach goal direction. Its relatively low cost make it a good candidate for handling a
large number of moving entities in a dynamically changing environment. Future work
will first evaluate the performance of the relaxed steering when combined with colli-
sion detection and avoidance. We also plan to introduce the possibility to handle
lateral displacements within the general steering approach.
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Abstract. This paper discusses the use of motion analysis techniques to
establish a computational model of human motion. As a test case, we dis-
cuss an experiment that analyzes combined navigation and manipulation
motions performed by human subjects. In this particular experiment, we
have analyzed the action of walking to a door and opening the door in
different settings. We have looked at different variables in this experi-
ment, such as the body part that serves as the steering wheel, gender,
and handedness. The results from this experiment form the first step
toward a computational model of human motion.

1 Introduction

Virtual environments are extremely popular in a many fields, such as the game
industry, social networks and virtual training programmes. The perceived realism
and quality of these environments not only depends on the quality of the 3D
models and the rendering system, but also on the quality of the behavior and
movement of objects and characters in the scene. A highly detailed character that
is not moving naturally could destroy the perceived realism of the environment.
Over the last decade, a lot of research has been done to improve character motion.
Many new techniques have been developed either based on motion capture [I2],
physics [3] or procedural methods [4]. Also a lot of research has been done

(a) (b) (c) )

Fig. 1. Different phases during combined navigation and manipulation actions: (a)
navigation, (b) manipulation preparation, (c) reaching, and (d) manipulation

A. Egges, A. Kamphuis, and M. Overmars (Eds.): MIG 2008, LNCS 5277, pp. 188 008.
© Springer-Verlag Berlin Heidelberg 2008
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on animation from a macroscopic point of view, such as path planning and
navigation through an environment with obstacles [5].

In particular, motion synthesis techniques based on example motions are very
popular in current games. The inherent realism of performance animation is an
attractive advantage of such techniques, as well as the ability to hire actors who
can perform a range of motions exactly according to the characteristics of the
humans in the game environment. However, recent games contain a vast amount
of different characters, all needing different recorded animations, requiring a lot
of postprocessing and editing.

A descriptive model of human motion could help to better control virtual
characters. However, still a lot is unknown about the details of human move-
ment. This is especially true for more complicated actions, such as combined
navigation and manipulation actions: walking to a door and opening it, or walk-
ing past a table while picking up an object. Another problem is determining how
knowledge obtained about detailed motion can be accurately represented so that
it is usable for animating 3D characters. Figure [Il shows an example recording
of a combined navigation and manipulation task. In this particular example, the
subject was asked to walk to a table and touch the surface at a specific position.
As can be seen from the image, there are different phases in this motion, such
as: navigation, manipulation preparation, reaching, and the manipulation task
itself. Our goal is to find out how these combined tasks are executed and what
the different phases in the motion are, in order to establish a computational
model for human motion based on observed human behavior. Before we discuss
the actual experiment and the result, we will first discuss relevant research that
is related to our study.

2 Related Work

Motion studies go back for decades. Early studies from Johansson show that
people can recognize human motion from point-light display recordings [6I7S].
Observers of these recordings were rarely able to identify the lights as a human
shape when a single frame of the recording was shown. However, in the case of
a short motion sequence, they could identify a variety of human motions such
as walking and running. Studies done by Cutting and Kozlowski showed that
humans are able to identify the gender [9] and even the identity [I0] of the
recorded subjects by their walk.

Recent research in the field of ergonomics shows that, in certain very specific
cases, it is possible to predict the human motion. For example, Wagner et al. [11]
shows that it is possible to predict foot placement for specific industrial tasks.
Also, the work of Kim et al. [I2] shows that if the start and end position of a
character are defined, there are various kinematic models (types of movement
combinations) that accurately describe a correct transition. Their suggestion
to use in-between key-postures to further define the desired motion is already
applied in recent motion synthesis techniques, such as the work done by Arikan
and Forsyth [T314].
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Nowadays motion capture systems are very popular for recording and analyz-
ing motions, because these systems allow for high-precision, high-framerate 3D
recordings. For example, a series of human locomotion studies has recently been
done by Arechavaleta et al. [I5] using a motion capture system. One of the results
of their study is that the trunk generally faces the direction in which the sub-
ject is moving. As such, the trunk can be called the steering wheel of the human
body. The steering wheel concept originates from the mobile robotics research
area, where motions are planned with only two velocities: the linear and the angu-
lar velocity. By knowing more about how the steering wheel functions for humans,
it could be possible to automatically detect when certain tasks are being executed,
or to analyse the curvature of the path that humans take toward a goal [16]. We
note that a limitation of using motion capture systems is that it does not record
all relevant motions. For example, eye movement is not recorded although this has
a significant influence on the quantity of movement of the head [T2J17].

The previous studies are an indication that motion can indeed be predicted
on some level and that perhaps a computational model can be constructed that
predicts parts of human motion reasonably well. Although the previous studies al-
ready show many valuable insights into human motion, there are few studies that
look at more complicated tasks, such as combined navigation and manipulation
actions. Additionally, most of the previously discussed studies are not focused on
creating a computational model of motion, which is required if one wants to ap-
ply the model to virtual character motion. The study presented in this paper is
a first step toward establishing a model of combined navigation and manipula-
tion actions by studying human subjects. In this paper, we focus on a particular
combination of actions, namely walking toward a door (navigation) and opening
it (manipulation). We used a motion capture system to record the subjects in a
test environment. This allows us to analyze detailed aspects of human motion.

This paper is organized as follows. In Section[Blwe will present the global setup
of the experiment and the hypotheses that we will test. Section[dsummarizes the
results of the experiments. Finally, we provide some conclusions and we outline
our current and future work in Section [l

3 Experiment Setup

The goal of this experiment is to gain insight on how people approach and open
a door. In the experiment, we will examine subjects who open the door with and
without the intention of going through it. Also, we will look at the difference
between a door that opens inwards versus a door that opens outwards. Since
most virtual characters are animated using joints, we do not consider muscle
and skin motions in this experiment.

3.1 Participants and Environment

The experiment is done with a group of ten subjects, with equally distributed
gender and handedness. We have selected participants of similar age, weight and
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Fig. 2. The door frame in the motion capture lab

height, in order to minimize the possible influence of these variables on the ex-
periment outcome. None of the participants have disabilities or other constraints
which could influence their motion. All the data is recorded with a Vicon optical
motion capture system|[I8].

The door used in the experiments is represented by a transparent frame (see
Figure[2l). The door latch is located at the right side of the door when opening it
inwards and on the left side when opening it outwards. We assume in this paper
that performing the experiments with the door latch reversed would result in
the same data, only mirrored.

3.2 Hypotheses

Before starting the experiments, we formulate a number of hypotheses that we
would like to examine. We have grouped these hypotheses into three categories,
each of which will be outlined briefly in this section.

The Steering Wheel of the Human Body. In this paper, we define the
steering wheel for human motion as the part of the object that determines the
direction in which the object is moving. A similar definition is used in research
done by Arechavaleta et al. [I5]. In order to understand the function of the
steering wheel in human motion, we formulate the following hypotheses:

1. While navigating, the trunk serves as the steering wheel for human motion.
2. We expect that gender has no influence on the function of the steering wheel.

The Hand Used to Open the Door. In order to gain insight on the hand
that is used to open the door, we will analyze the following hypotheses:
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1. In cases where the people have to pass through the door they prefer to use
the hand which will not block their way.

2. We expect that gender has no influence on which hand is used to open the
door.

The Pose of the Subject When Opening the Door. Especially when
planning both navigation and manipulation motions, it is important to know the
pose of a character when it starts executing the desired tasks. Navigation motions
can be planned so that the character arrives in this pose, and manipulation
motions can be planned to start from this pose. We will examine the pose of the
subjects in detail, by looking at the relation between the different body parts
involved and how this depends on variables such as handedness and gender.

3.3 Experiments

We have performed three different experiments with each of the ten partici-
pants. Figure[3 shows the global setup of the experiments. Each experiment was
conducted from five different starting positions.

In the first experiment we asked the subjects to walk towards the door and
open it as if someone rang the doorbell. The door is positioned in such a way that
it opens toward the subject who is opening the door. The door-latch is located
on the right side of the door. This experiment consists of five takes corresponding
to the five different starting positions.

In the second experiment, the subject has to leave through the door, going
either left, right, or straight ahead afterwards. These three goal directions in
combination with the five starting positions result in a total of fifteen takes. The
door opens inwards.

Finally, the third experiment is a variation on the second where the door
opens outwards. This changes the location of the door-latch from right to left

Startpositions

kY 150°
Opens Inwards
. Door-latch on the right side

e 1
|' . \
TR
| The Door |

‘\‘/.-’
Opens Outwards \

Door-latch on the left side

Fig. 3. An overview of the setup of the experiments
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side. Again, fifteen takes are required in order to record all the combinations of
starting positions and goal directions.

4 Results

We divided this chapter into three sections, corresponding to the three categories
of hypotheses formulated in Section Bl First, we are going to look at the steering
wheel of human motion. Secondly, we will examine the choice of the hand used
to open the door. Finally, we will study the way the subjects stand in front of
the door when they open it. Where possible we added ANOVA [I9] results.

4.1 The Steering Wheel of the Human Body

Following Arechavaleta’s approach, we have looked mainly at the head, the
pelvis, and the trunk motion of the recorded subjects. The steering wheel princi-
ple applies very well to navigation, as will be shown in the following paragraphs,
but as soon as the subjects started the manipulation task, the movement of the
different body parts becomes unpredictable. This already happens during the
preparation phase of the manipulation. In order to determine the steering wheel
of the human body, we will solely look at the motion up until the manipulation
preparation phase is entered.

Table 1. Average angles and standard deviation of the pelvis, the trunk and the head
with respect to the door

Average angle|Standard deviation
Pelvis| 10,879814275 4,918092469
Trunk| 9,364973875 5,678408848
Head | 13,883943275 8,270573338

Head. Comparing the average angle between the direction of movement and
the direction the head faces shows that the majority of the takes—93 percent—
stays within an angle of 30°. As shown in table [I] the average angle error of the
head is much higher than the average error for the pelvis and the trunk. Also
the standard deviation is remarkably higher.

We have also noticed that the head tends to face the first obstacle the subject
has to navigate towards to. As shown in figure [ this is especially noticeable
in the takes where the subjects started from the right side of the door. The
average angle error between the direction of movement and the direction the
head faces for all the experiments is 13.88°. When the subjects started at an
angle of 30° from the door this difference was even bigger: 22.20°. We expected
that the difference between the start positions located at the steep angles—30°
and 150°—to be small. However, the result of our experiment shows that the
startposition located most left from the door at the angle of 150° had a much
smaller angle error of 12.23°. Even the start postion at an angle of 60° relative
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Fig. 4. The distribution of the angular difference between the direction of movement
and the direction which the pelvis, trunk, or head are facing per start position

to the door had a larger difference between both directions than the average
difference for all the takes.

We suspect that this behavior is related to the location of the door-latch and
the direction in which the door opens. In most of the experiments the door-
latch was located at the right side of the door, closest to the start position of
30°. When subjects approached the door from that angle they had a shorter
path but more importantly they had to step back while opening the door. This
behavior is already noticeable at the approaching paths. When the subjects have
to pass through the door (experiments 2 and 3), they tend to walk to a position
next to the door that allows them to open the door and pass through it without
having to step back. In this case the subjects did not look at where they are
going, but they focus on the door. The looking angle of the head clearly depends
on many other factors than path and direction only. Therefore, we agree with
Arechavaleta that the head is not a suitable candidate for defining the steering
wheel of the human body.

Pelvis. Compared to the head the pelvis follows the direction of movement
much better. The average angle error between the direction of movement and
the direction the pelvis faces is much less than the angle error of the head joint
(see again tabldll). Looking at these values the pelvis seems a good candidate
for the role of steering wheel of the human body. Unfortunately, due the nature
of our gait, the direction of the pelvis changes every step, resulting in a periodic
sinusoid curve. Although such a curve could be extracted automatically to obtain
the correct path and heading, the trunk is a much better candidate, as will be
shown in the following paragraph.
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Trunk. The trunk, the joint between both shoulders, was proposed by
Arechavaleta et al.[15] as the steering wheel of human locomotion. The results of
our experiment confirms this statement. Compared to the results from the head
and the pelvis, the average angle of the trunk is the smallest (9.37°), although
the standard deviation is slightly higher than for the pelvis.

When we compare the results per experiment we see that in all experiments
the trunk has the smallest average error angle of all three body parts. Even the
minimum of the averages is in all experiments the trunk. Also, the trunk does not
tend to face in the direction of the object with which the subject will interact.
Neither does the trunk suffer from the periodic rotation that we observed with
the pelvis.

4.2 Which Hand Is Used to Open the Door

In this section we will take a closer look at the hand the subjects used to open
the door. The general results show that in almost 30% of the cases the subjects
chose to open the door with their right hand. In the remaining 70% they used
their left hand.

Both gender and handedness show by themselves no significant influence on
the hand chosen to open the door. None of the female subjects used their right
hand in experiment 1. The male subjects used their right hand in 32% of the
takes during experiment 1. The left-handed subjects mostly used their left hand
for opening the door. In experiment 1 they used their left hand in 88% of the
takes, whereas the right-handed subjects used their left hand in 76% of the
takes.

The opening direction proves to have a significant influence on the hand used
to open the door with (P < 0.0). Experiments 2 and 3 only differ in the
direction in which the door opens. Of all subjects more than 91% opened the
door with their left hand in experiment 2. In experiment 3 this was just 38%.

The interaction between starting position and the direction in which the door
opens is significant (P = 0.043). In experiment 2 the subjects used their left hand
to open the door in over 90% of the takes no matter from which starting position
they started. In experiment 3 the startposition does have a huge influence on
the hand used. When the subjects started from the most right starting position,
30° angle to the door, they used their right hand in 80% of the cases. From the
starting position at an angle of 60° this was just two third of the subjects. When
the subject started from an angle of 120° only half of the subjects used their
right hand. At the starting position located at the uttermost left position of the
door, at an angle of 150°, a slight gain in right handed use is noticed, resulting
in a total of 61%.

A general trend that we notice in these experiments is that the ergonomy of
the motion seems to preside over the usage of the preferred hand or the starting
position relative to the door.

! This describes the chance that the relation found between the variables is a random
effect.
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4.3 The Pose of the Subject When Opening the Door

We will examine the pose of the subject while opening the door in two different
ways. First we will look at the position of the subject relative to the door when
opening it. Then we will look at the distribution of the body parts (legs, trunk,
arms) when the door is opened.

Position Relative to the Door. We studied the position of the subjects and
distance to the door while opening it with the data of the first experiment. Our
analysis shows that the relation between the starting position and hand chosen to
open the door is significant (P < 0.01). The starting position located at the most
right has an end position that is also located on the right side of the door-latch.
The further the starting positions move to the left the more the end positions
move to the left. Figure Bl shows the end positions for all starting positions of all
subjects in the first experiment.

Gender alone does not appear to have any significant influence on the hand
used to open the door. Gender together with the starting positions shows is a
significant relation (P < 0.01). Comparing the end positions between male and
female subjects for all the takes shows a larger spread with the male subjects.
The position of the male subjects ranges from 40cm to the right of the door-latch
to 34cm to the left. For the female subjects this spread was smaller and ranged
from 18cm to the right to 34cm to the left.

The relation between the starting position and handedness is significant (P =
0.037). Left-handed subjects seem stand more left to the door than the right-
handed subjects. From the starting position at 30°, the difference between left
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Fig. 5. The position relative to the door while opening it
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and right-handed subjects is more than 20cm. The closer the subjects start from
startpositions at the left side the smaller the difference becomes.

Distance Relative to the Door. We define the total distance of the subject
from the door as the distance from the ankle of the rear leg to the hand which
opens the door (see also figure[d]). The body parts analyzed are the rear leg, the
upper body and the reaching arm. Our analysis shows that on average most of
the distance is covered by the arms (more than 70% of the total distance). The
legs cover almost 20% and the remaining 10% is covered by the upper body.

The relation between the distance covered by the reaching arm and the posi-
tion from which the subjects started is significant (P < 0.01). When the subjects
approached the door from the right side, the starting positions at an angle of 30°
and 60° they reach less with their arm than when they approach the door from
upfront or from the left side. When the subjects approached the door from the
right side, they reach less with their arm than when they approach the door from
upfront or the left side. The recordings show that the subjects place themselves
at a comfortable position relative to the door. This seems to indicate that com-
fort of a motion is very important, even it the most comfortable motion requires
extra energy.

There is a significant relation between gender and the distance to the door
for the upper body (P = 0.049). In a number of cases subjects actually leaned
backwards while opening the door. The most remarkable detail is that this only
happend to female subjects. Out of the 50 takes the female subjects had 15 cases
in which the pelvis was closer to the door than the torso.

Fig. 6. The distribution of distance per body part
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5 Conclusion and Future Work

In this paper we have discussed the results of a motion analysis experiment where
subjects have to walk to a door and open it. We have seen significant relations
between variables that give us some insight in how people combine navigation
and manipulation actions. We have observed that the trunk can be described as
the steering wheel of the human body while navigating. This may form a useful
tool to automatically identify when a manipulation action is started. Another
more global observation that follows from our experiments is that the comfort
of the motion is a very important factor: people tend to choose the motion that
is the most comfortable, even if this means walking a longer path.

Although this experiment provides us with some clues on how to construct a
computational motion of human motion, it is only a starting point. Our goal is
to analyse in more detail how the different phases during these combined navi-
gation and manipulation actions occur. We are currently performing a number
of experiments that should give a clearer image of this. We hope that through
these experiments, we will be able to contruct a more complete computational
model of human motion and behaviour.
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Watch Out! A Framework for Evaluating
Steering Behaviors

Shawn Singh, Mishali Naik, Mubbasir Kapadia, Petros Faloutsos,
and Glenn Reinman

University of California, Los Angeles

Abstract. Interactive virtual worlds feature dynamic characters that
must navigate through a variety of landscapes populated with various
obstacles and other agents. The process of navigating to a desired lo-
cation within a dynamic environment is the problem of steering. While
there are many approaches to steering, to our knowledge there is no
standard way of evaluating and comparing the quality of such solutions.
To address this, we propose a diverse set of benchmarks and a flexi-
ble method of evaluation that can be used to compare different steering
algorithms. We discuss the challenges and criteria for objectively eval-
uating steering behaviors and describe the metrics and scoring method
used in our benchmark evaluation. We hope that, with constructive feed-
back from the community, our framework will eventually evolve into a
standard and comprehensive approach to debug, compare and provide
an overall assessment of the effectiveness of steering algorithms.

1 Introduction

A fundamental requirement of nearly all agents in virtual worlds is steering: the
ability of an agent to navigate to a goal destination, through an environment that
includes static obstacles, such as buildings, and dynamic obstacles, such as other
virtual characters. Steering is a challenging problem for autonomous agents.
In reality, steering is a result of a complex process: An agent makes steering
decisions based on sensory information, predictions of the motion of dynamic
obstacles, social etiquette, personal experience, situation specific parameters,
cognitive goals and desires. Even within the simplified environment of a virtual
world, the state space of the steering problem is too large to allow for trivial
solutions, such as pre-computed state-action tables.

There is a significant amount of research that tries to address the steering
problem. Current solutions seem to address only a subset of the problem’s chal-
lenges. For example, particle-based approaches are well suited for macroscopic
crowd behaviors, while agent-based approaches work better for the local inter-
action of a small group of agents.

Given the importance of steering in modern applications and the growing
number of steering algorithms, it is important and timely to ask the question,
how can we compare different steering approaches? To our knowledge this paper
makes the first attempt to answer this fundamental question.

A. Egges, A. Kamphuis, and M. Overmars (Eds.): MIG 2008, LNCS 5277, pp. 200 008.
© Springer-Verlag Berlin Heidelberg 2008
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We propose a novel benchmarking tool for comparing steering behaviors. Our
framework is based on two components that form the main contributions of this

paper:

— A diverse suite of steering benchmarks: We propose a forward-looking set
of scenarios that capture the broad range of situations a steering algorithm
may encounter in practical applications.

— A method and metrics of evaluation: We propose a set of metrics that can
be used to evaluate the behavior of steering algorithms. We also propose
a method of scoring the behavior, so that two steering algorithms can be
compared. We call this process benchmark evaluation.

1.1 Criteria for Effective Evaluation

The main challenge in designing steering benchmarks is how to evaluate a steer-
ing algorithm objectively. Determining the quality of the results of a steering al-
gorithm depends on many factors, many of which are situation-specific and/or
depend on cognitive decisions by the agents. For example, an agent may decide to
push through a crowd or politely go around the crowd, depending on the agent’s
situation and personality. To remain objective even with seemingly ad hoc con-
straints, we propose that steering evaluation should satisfy the following criteria:

1. The test cases should be representative of a broad range of situations that
are common in real-world scenarios.

2. The evaluation should be blind to the specifics of the steering algorithm.

3. The evaluation should be customizable to allow a user to test for certain
expected behaviors over others.

To meet these criteria, we separate the concepts of providing test cases and
evaluating a steering result. This allows users to specialize test cases to their
needs, and our benchmark evaluation would still apply to the custom test cases.
Our evaluation uses metrics computed from the position, direction, and the
goal that the agent is trying to reach. The interpretation of these metrics is
surprisingly meaningful, yet at the same time, they do not require any knowledge
of the algorithm that produced the steering result.

Of course, no set of benchmarks and associated metrics could cover and eval-
uate every possible steering situation that can happen in the real world — and
we do not claim that ours does. We cannot necessarily tell how well one algo-
rithm does in absolute terms. Instead, our framework gives a good indication of
the pros and cons of any steering algorithm and to effectively compare different
approaches.

2 Related Work

Benchmarking is a crucial process in many fields — ranging from business man-
agement to software performance. Benchmark suites have been developed for a
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variety of purposes related for graphics and multimedia, including hardware [,
global illumination [2], animation for ray tracing [3], general-purpose architec-
ture [4], and many more. In these fields, benchmarks have clear metrics for
comparison: performance in seconds, signal-to-noise ratio, power consumption,
area, monetary price, etc. Steering behaviors and other aspects of artificial in-
telligence do not have a clear objective metric — instead, much of the evaluation
is inherently subjective.

Efficiency Metrics. Some works have proposed metrics that evaluate “believ-
ability” or “natural behavior.” One major approach is to follow the rule that
natural behaviors are usually efficient (e.g. [5]). This approach has been used
effectively for animation, e.g. [67]. Our work applies this same principle to the
evaluation of steering behaviors, while keeping the user in control of the final
evaluation process.

Approaches to Steering. Most steering behaviors can be classified into two
major categories: Dynamics-based and agent-based. Dynamics based models rep-
resent the environment with potential fields or flow maps, often treating each
agent as a particle (e.g., [SI9JI0]). Rule-based models use heavy branching to
determine the exact scenario being described, and performs an action associated
with that scenario (e.g., [TTIT2JT3/T4]). A problem is that such papers only have
enough space to showcase their novel features, and it is difficult to assess how
effective a steering algorithm will be on fundamental, common scenarios that
were not the focus of the paper. A benchmark suite can illuminate these results
in a compact form that future papers could very easily include.

3 Benchmark Suite

Our framework consists of two major parts: (1) a diverse set of test cases, and
(2) a benchmark evaluation utility that uses several metrics to score a steering
algorithm. In this section, we describe the suite of test cases.

Overview. Our current framework contains 36 scenarios. Several of the scenarios
have many variations, resulting in a total of 50 test cases. The test cases can
be classified in five major categories: (1) simple validation scenarios, (2) basic
one-on-one interactions, (3) agent interactions including obstacles, (4) group
interactions, and (5) large-scale scenarios. Many test cases can be classified in
multiple categories — this classification is only for presentation, and does not
limit the test cases or evaluation process in any way. These five categories are
detailed in Section 3.1.

Each test case specifies a number of agents and static objects. Static objects
are specified by a bounding box. Agents are specified by their size, initial posi-
tion, initial direction, desired speed, and target location(s). Additionally, each
test case specifies which agents should be examined during benchmark evalu-
ation, and a set of weights that configure the evaluation process, discussed in
Section 5. Dynamic objects can be specified as agents in a customized scenario,
however, our current suite does not test agent’s steering behaviors with dynamic
objects because the expected behaviors in such cases are application-specific.
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Test Case Design Choices. The main challenge of designing the benchmark
suite is to cover the range of possible scenarios without having an inordinate
number of test cases. With this in mind, we choose our test-cases to be common,
frequently appearing scenarios, but with challenging, worst-case parameters. For
example, most of the static obstacles have sharp corners which are generally more
difficult to handle than smooth ones.

In our experience, an agent in a typical urban environment faces the following
situations:

1. Walking alone. Most of the time, an agent interacts with only 2-4 nearby
agents and a few obstacles at a time.

2. Walking as part of a small group. Often the agent moves in the same direction
with 2-6 other agents and encounters other groups and obstacles.

3. Walking as part of a crowd. Groups of hundreds of agents tend to form less
frequently, and only in specific situations, for example when a large number
of agents exit or enter a building at the same time.

Furthermore, some of the situations involving many agents, can often be viewed
as a sequence of smaller problems. For example, a lone agent that tries to go
through a dense oncoming crowd of hundreds of agents, may only consider 4-5
people at a time. Based on these observations, we choose test cases that reflect
these smaller problems which can represent a large number of composite real-
world scenarios.

It is fair to ask the question, what is the effect of the specific number of agents
in the large scale examples? We have selected default values for these parameters
based on what we think are average cases in the real world. We have no reason to
believe that the specific number of agents in the large scale examples is crucial. If
an algorithm can handle a bottleneck example with exactly 500 agents, it should
be able to handle around 500 as well. In any case, we would like to remind the
reader that our goal is to provide an estimate of an algorithms performance, not
a proof of its robustness or correctness.

Customizing the Suite. It is clearly not possible to cover every conceivable
situation in our test cases. Therefore, we have designed our benchmarking ap-
proach to be flexible and customizable, so that users can quickly focus on the
details of interest to their algorithm.

The user can easily create custom scenarios to use with our existing bench-
mark evaluation. This allows our benchmark evaluation process to be useful even
for applications that cannot use our provided test cases. For example, steering
behaviors found in a sports game will have unique steering scenarios that should
be evaluated with unique criteria.

The initial conditions and parameters can also be re-defined by the user. In its
current form, our test cases are intended to roughly approximate typical humans:
agents have a diameter of 1 meter (roughly the distance from elbow to elbow of
an average human) and an average walking speed of 1.3 meters per second [I5].
The user can use slightly modified initial conditions to simulate cars, bicyclists,
or any dynamic objects.
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3.1 Description of the Scenarios

Here we describe the scenarios used in the current version of our benchmark suite.
These scenarios can be seen in Figure 1. Many of these test cases are very chal-
lenging and forward-looking, and we expect that initially very few algorithms, if
any, will be able to successfully handle all scenarios gracefully. Scenarios anno-
tated with an asterisk (*) are in our opinion more difficult scenarios.

Simple Validation Scenarios. These scenarios are designed to test very basic,
fundamental abilities of a steering agent. While such behaviors are trivial, it is
still important for an algorithm to successfully handle these cases.
- Simple: one agent steering towards a target located to the left, right, or
behind.
- Simple-obstacle: one agent steering towards a target located behind an ob-
stacle.
- Simple-wall: two agents steering around a wall to reach a target.
- Curves: one agent steering through an S-curve to reach the target.

Basic One-on-one Interactions. These scenarios test the ability of agents to
steer around each other. In this category, the emphasis is on natural interactions
without other threats to distract the agents.
- Oncoming: two agents traveling in opposite directions towards a head-on
collision.
- Crossing: two agents crossing paths at various angles.
- Oncoming-trick: two oncoming agents that will not collide because their
targets are closer.
- Crossing-trick: two crossing agents that will not collide because their targets
are closer.
- Similar-direction: two agents with slightly different goals traveling in a sim-
ilar direction.

Agent-agent Interactions Including Obstacles. These scenarios test the
ability of an agent to navigate around static objects while interacting with other

agents.
- Oncoming-obstacle: two oncoming agents, with an additional obstacle in the
way.
- Crossing-obstacle: two crossing agents, with an additional obstacle in the
way.

- Surprise: two agents that do not see each other until the last minute because
of large obstacles.

- Squeeze: two oncoming agents walking through a narrow hallway.

- Doorway-one-way: two agents enter a doorway from the same side.

- *Doorway-two-way: two oncoming agents walk through a doorway from op-
posite sides.

- QOwvertake: one agent is expected to overtake the other agent in a hallway.

- *Qwvertake-obstacle: one agent is expected to overtake the other agent, with
obstacles in the hallway.
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Fig.1. Approximate depiction of each scenario in the current version of our bench-
mark suite. The number in parentheses indicates how many agents are specified in the
scenario, and asterisks indicate more difficult scenarios.
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Group Interactions. Group interactions are composed of several agents and
static objects, intended to test an algorithm’s ability to handle a variety of
common situations.

- Fan-in: a small group of agents aiming for the same target. This tests how
agents cooperate while contending for the same space.

- Fan-out: a small group of agents aiming for slightly separated targets. This
tests whether agents will unnaturally stick to the crowd when their goal is
in a different direction.

- Cut-across: one agent cutting across a small group.

- 3-way-confusion: three agents traveling in different directions, meeting at
nearly the same time.

- 4-way-confusion: four agents traveling in four opposing directions, meeting
at nearly the same time.

- *4-way-obstacle: four agents crossing paths with a static object in the way.

- Frogger: one agent encounters many perpendicular crossing agents.

- *Oncoming-groups: a small group of agents encounters another small group
of agents traveling in opposite direction.

- 3-squeeze: two agents facing the same direction encounter an oncoming agent
in a narrow hallway.

- *Double-squeeze: two agents facing the same direction encounter two oncom-
ing agents in a narrow hallway.

- *Wall-squeeze: two agents facing the same direction encounter an oncoming
agent in a narrow hallway with an obstacle.

Large Scale Scenarios. These scenarios are designed to stress-test the ability
of an algorithm to handle macroscopic situations, and to scale to a large number
of agents.

- Hallway-one-way: many agents traveling in the same direction through a
hallway.

- Hallway-two-way: many agents traveling in either direction through a hall-
way. Agents should form lanes.

- *Bottleneck-squeeze: all agents begin on one side of the arena, and must enter
and traverse a hallway to reach the target. Note that hard corners at the
bottleneck are much more challenging than rounded corners.

- *FEvacuation: all agents must exit a crowded room that has only one exit.

- *Free-tickets: all agents are aiming for the same target in the middle of the
arena, and have a random secondary goal once the middle target is reached.
This scenario is particularly difficult because agents that reach the middle
goal must then turn to face a dense oncoming crowd. This scenario requires
both natural individuals and natural crowds simultaneously.

- Random: each agent is placed randomly in the arena and has an individual
random target. Here, stress is placed on handling a large number of agents.
Our default test case specifies 5000 agents for this scenario.

- Forest: each agent is placed randomly in an arena filled with small obstacles.

- Urban: each agent is placed randomly in an arena filled with building-sized
obstacles.
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4 Metrics of Evaluation

Given the suite of benchmarks, the next question is how to evaluate the re-
sult of a steering algorithm. We propose that a set of meaningful metrics can
be measured directly from the output of a steering algorithm, without any
knowledge about the algorithm itself. This section describes the metrics that we
compute.

Our benchmark evaluation works as follows. First, the user records the posi-
tion, direction, and goal target of every agent for every frame. Second, our eval-
uation tool will read this recorded information to compute a variety of statistics
about each agent’s behavior. Users can see these detailed statistics or automat-
ically computed scores based on three primary metrics.

Primary Metric 1: Number of Collisions. The first primary metric is the
number of collisions that occur for a given agent. In most cases, fewer collisions
indicates more realistic steering behavior. One notable exception is the Surprise
scenario, where it would be natural for two agents to collide because they do not
see each other soon enough. Our evaluation tool computes the number of unique
collisions that occur as well as the total number of frames that each agent spent
in a collision with other objects.

Primary Metrics 2 and 3: Time and Effort Efficiency. The second and
third primary metrics measure two forms of efficiency. These, and most of the
detailed metrics as well, are based on the idea that efficient behaviors are very
often natural behaviors. Section 2 describes many references that use the same
principle.

Time efficiency measures how quickly the agent is able to reach its goal desti-
nations. Of course, the quicker the agent reaches its goal, the more time efficient
the agent is. Our evaluation tool measures time efficiency as the total time (in
seconds) that an agent spent to reach its goal.

Effort efficiency measures how much effort an agent spent to reach its goal
destinations. The less effort an agent spent, the more effort efficient the agent
is. Our evaluation tool measures effort efficiency as the integral (sum total)
of the magnitude of acceleration that an agent used to reach its goal. Note
that acceleration includes changes in speed and changes in direction, and its
magnitude is always positive.

The combined interpretation of time and effort efficiency provides insight into
a spectrum of behaviors. Some agents may desire to reach their destinations
quickly, willing to spend more effort. Other agents may desire to save effort and
slowly, politely progress towards their goals.

Detailed Metrics. The rest of the metrics measure variations of: (1) speed, (2)
turning rate (angular velocity), and (3) change in speed. Specifically, for each
of these three, we measure the total (integral), max instantaneous, average, and
max/min over a sliding window. The sliding window in our current implemen-
tation is an integral over an interval of 20 frames. We compute a new window
integral every next frame, and finally store the max/min of these values.
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These detailed metrics are interesting to examine when a user knows the ex-
pected behavior of a scenario. A user will usually be able correlate one or two
of the metrics with a clear indication of unnatural behavior in the scenario. For
example, if a character is expected to go straight towards its goal with very lit-
tle turning, then the “integral of turning rate,” which describes the total amount
of turning, should be close to zero. Similarly, if an agent is expected to have one
abrupt turn in the scenario, the “integral of turning rate in a window interval”
should be somewhat large, while the “total average turning rate” should be small.

5 Benchmark Scoring

After computing the metrics described in the previous section, the final task is to
compute a meaningful score that represents the quality of the steering behavior.
A score can be computed for (1) a single agent in a test case, (2) all agents in a
test case, or (3) across all test cases.

A Note About Benchmark Scores. It is important to note that scoring is
not intended to be a proof of an algorithm’s effectiveness. Instead, the purpose
of scoring is to create a simple number that allows for a quick, intuitive estimate
of evaluation, especially when comparing two approaches. To do a more rigorous
analysis of the pros and cons of an algorithm, users need to manually examine
the detailed metrics, and perhaps even tailor their own test cases.

Scoring One Agent in One Test Case. An agent’s score can be computed by
combining the three major metrics described in Section 4: number of collisions,
time efficiency, and effort efficiency. The user describes their relative importance
as numerical weights, specified in the test case. Each agent in the test case has
its own unique set of weights.

The score is simply a weighted sum of the metrics:

S; = w.C + wiT + weF, (1)

where S; is the score of the 7" agent, w.., w;, and w, are the user-specified weights,
C is the number of collisions, T is time efficiency, and F is effort efficiency.

Scoring all Agents in One Test Case, and Across all Test Cases. To evalu-
ate all agents in one test case, we simply compute the average over n agent scores:

5135, @)
1=0

Because each agent can have its own set of weights, the user can easily control
the relative importance of agents in the scoring process.

Finally, to score an algorithm across all test cases, we can compute a sum
total of the scores from each test case.

S = ZSA~ (3)
A
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Conclusion

In this paper we present a framework for evaluating steering behaviors. The
framework includes a diverse suite of test cases and an objective method of
evaluation. The framework covers a broad range of common scenarios, is blind
to the specifics of the steering algorithm, and is extensible and customizable.
In future work, we plan to continue growing the suite of test cases, make the
framework available online, and demonstrate its effectiveness on recordings of
real humans steering through our test cases. We envision that this framework
can grow into a standard for steering evaluation.
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Abstract. This paper deals with motion planning and dynamic control
for humanoid robots. The first part addresses simultaneous locomotion
and manipulation planning while the second part deals with reaching
tasks. The validity of the proposed methods is verified by experiments
using humanoid platform HRP-2.

1 Introduction

Humanoid robots are expected to perform complicated tasks thanks to their
high mobility and many degrees of freedom including legs and arms. Their an-
thropomorphic configuration gives another advantage that they can easily adapt
to machines or environments designed for humans. Recent progress in hardware
accelerates diverse research in humanoid robots. Various types of tasks have
been performed: manipulation [34l5], navigation in dynamic environments [6l/7],
or serving tasks [89]. One of the key issues to fully exploit the capacity of hu-
manoid robots is to develop a methodology that enables them to explore and
execute various dynamic tasks, requiring dynamic and smooth whole-body mo-
tion including collision avoidance and locomotion, like an object carrying task.

In the field of motion planning, recent advancement in probabilistic methods
has greatly improved the three-dimensional (3D) motion planning for mecha-
nism involving complicated geometry and many degrees of freedom (e.g. [26]).
However, most of those methods are based on geometric and kinematic planning
in configuration space whereas dynamic control is required for humanoid motion
planning in workspace to execute tasks while keeping balance.

Concerning control issues of humanoid robots, powerful controllers have been
developed to generate whole-body dynamic motion in a reactive manner (e.g.,

* This paper is a compilated version of papers presented in IEEE IROS 2006 [1] and
IEEE Humanoids 2006 [2].
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[13]). As for locomotion, stable motion pattern can be generated efficiently
thanks to the progress in biped walking control theory, mainly based on ZMP
(zero moment point [I0]) control (e.g., [I1]). Planning of 3D humanoid motion
for tasks in complex environments has to benefit from these two domains.

In the first part of this paper, we propose a two-stage planning framework
based on the geometrical and kinematic planning technique whose output is
validated by dynamic motion pattern generator. The second part addresses the
following problem: how to recover a positioning error of the humanoid robot
body when performing manipulation tasks such as reaching or grasping?

2 Manipulating While Walking

Humanoid motion planning is becoming a hot topic since it faces complex-
ity of planning and dynamic control at the same time. Kuffner et al. pro-
posed various types of humanoid motion planner [T6JT7/I8/T9] such as balancing,
footstep planning and navigation displacing movable obstacles. Locomotion plan-
ning for humanoid robots to pass through narrow spaces by changing the
locomotion modes has been investigated in [20/21]. Okada et al. addressed mo-
tion planning for collision-free whole-body posture control [22] by dividing the
robot into movable, fixed and free limbs using RRT planner. They have also
showed task-oriented motion planning [23]. Yoshida proposed humanoid motion
planning based on multi-level DOF exploitation [24]. Sentis et al. developed
a hierarchical controller that synthesizes whole-body motion based on prior-
itized behavioral primitives including postures and other tasks in a reactive
manner [13].

In the domain of computer graphics, motion editing is an active area of re-
search. Gleicher classified various constraint-based methods that take account
of spatial and temporal constraints, which often corresponds to the problems of
inverse kinematics and filtering respectively [15]. Especially for graphic anima-
tion of digital actors, recent development in randomized motion planning is now
actively investigated [25126].

2.1 Two-Stage Planning Method

In this section we summarize the two-stage planning method we have proposed
n [I4]. The lower part of the robot body is approximated by a bounding box.
Then, at the first stage, the motion planner computes a collision-free walking
path as well as a collision-free path for the upper body. In the second stage, these
outputs are given as inputs to the dynamic pattern generator [I1] of humanoid
robots. The dynamic pattern generator transforms the paths into a dynamically
executable motion described by waist position and orientation and joint angles
of whole body at sampling time of 5[ms| by taking account of dynamic balance
based on ZMP. However, the generated dynamic motion often differs from the
geometrically and kinematically planned path, which may cause unpredicted
collision. Then the planner goes back to the first stage to “reshape” the previous
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path based on randomized method to avoid possible collision. If no solution is
found, then a new walking plan is searched. In the next section we address the
motion reshaping issues.

2.2 Smooth Motion Reshaping

A collision-free path issued from the first motion planning stage, will not al-
ways result in a collision-free trajectory after dynamic pattern generation is
performed. For instance, unexpected collisions might arise by the influence of
the weight of the carried object into the robot’s dynamics. If the variation of
the motion is small enough, those collisions will be with the humanoid’s upper
body or the carried object. In such a case, we can assume that local reshaping
of the trajectory will suffice to avoid the obstacles without replanning the whole
nominal trajectory.

When a collision is found, a new random collision-free configuration near the
colliding one is first generated, and then an inverse kinematics (IK) solver is
applied to ensure the end-effector’s geometric constraints (see [14] for details).
Although collision-free motions can be generated at that stage, lack of smooth-
ness in velocity profile might cause instability or unnecessary oscillation when it
is executed by the humanoid robot. Then we propose a reshaping method that
accounts for the smoothness of the motion when avoiding the obstacles.

position/orientation param. Workspace
* -

| _anticipate | collision | rc_gain_'_>
w ’ml I I # of samples
1 Sbefore uy Uz Uz + NSqfier # of samples

(a) (©)

position/orientation param.

‘Workspace

| anticipate | collision | regain
I I I

I, # of samples
U1 = MSbefore U1 U2 Uz + NSafter Inverse Kinematics Solver

®) ()

Fig. 1. (a) A top view of the volume swept by the robot avoiding a box on the table.
Collisions occur between the bar and the box. The reshaping limits are set by identifying
the anticipating, colliding and regaining times. (b) Smooth motion is specified in the
task space by interpolating the bar’s configuration at key frames. (¢) The bar’s motion
is resampled at 5[ms] to replace its original motion. (d) New constraints are enforced
by using a whole-body IK solver.
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The reshaping procedure is performed in two steps illustrated in Fig. [ (see
the real situation in Figure [I):

1. A smooth trajectory to be followed by the end-effector is specified in the
task space and resampled at each sampling time (5[ms]) to enforce temporal
constraints (Fig. Ii(a)-(c)).

2. An inverse kinematics solver is used to attain the specified end-effector’s
motions enforcing geometric constraints (Fig. Ii(d)).

(f) Going to final position

Fig. 2. Experiment of planned bar-carrying task
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We account for motion continuity at both steps (see [14] for details).

We have conducted experiments of the proposed humanoid motion planner
using simulator OpenHRP [28] and hardware humanoid platform HRP-2 [29)].
HRP-2 has 30 degrees of freedom with 1.54[m] in height and 58[kg] in weight.
This robot has two chest joints for pitch and yaw rotation, which extends the
motion capability including lying down on the floor and standing up. It can
carry load up to 2[kg] at each hands. In the following, we took an example
of a task carrying a bar in an environment populated by obstacles. The length,
diameter and weight of the bar is 1.8[m], 2.4[cm] and 0.5[kg] respectively. Figure[2
illustrates a real experiment.

3 Task-Driven Support Polygon Reshaping for Reaching

There are many works in the literature that have focused on the generation of
whole-body motions for complex mechanisms such as humanoid robots or dig-
ital actors. A popular approach for motion specification has been, instead of
setting explicitly the value of all degrees of freedom, to only specify the val-
ues of a task to be accomplished by a given end-effector. The idea is to ben-
efit from the redundancy of the mechanism to choose the solution that best
solves the task according to some constraints. Among these works, inverse kine-
matics algorithms that project tasks with lower priority into the null space
of the Jacobian of the higher priority tasks have been widely studied (e.g.,
[30I3233134I3 7U36138] ).

Our contribution is to consider the possibility of reshaping the support poly-
gon by stepping to increase the accessible space of the end-effectors in the 3D
space. The problem we address can be viewed as a 3D extension of the 2D prob-
lem addressed in [31]. In [3I] the authors propose a strategy for the control of
a pattern generator by monitoring the arm manipulability. While their model
lies in the sagittal plane, our approach makes use of the whole body in the 3
directions of the 3D space. Moreover, in spite of our reasoning being based on
inverse kinematics and simple geometric support polygon reshaping, our method
guarantees that the motion is dynamically stable. This property is a consequence
of the pattern generator [I1] we use to generate the stepping behavior.

3.1 Method Overview

The support polygon reshaping integrates two important components, the gener-
alized inverse kinematics and dynamic walking pattern generator. Figure[3shows
an overview of the method. The task is specified in the workspace as a desired
velocity @; with priority j from which the generalized IK solver computes the
whole-body motion as joint velocities g of the robot. Meanwhile, several criteria
such as manipulability or non singularity are monitored.

As long as the criteria are satisfied, the computation of whole-body motion
continues until the target of the task is achieved. If the task cannot be achieved
due to unsatisfied criteria, the support polygon planner is triggered in order to
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extend reachable space. A geometric module determines the direction and posi-
tion of the deformation of support polygon so that the incomplete task is fulfilled.
The position of a foot is then derived to generate the motion of CoM &cons by
using a dynamic walking pattern generator [IT]. Using this CoM motion, the
original task is then redefined as the whole-body motion including stepping that
is recalculated using the same generalized IK solver.

Let us first overview the generalized inverse kinematics framework. Then we
will show how the support polygon is reshaped.

3.2 Whole-Body Motion Generation Using Generalized Inverse
Kinematics

Inverse Kinematics for Prioritized Tasks. Let us consider a task &; with
priority 7 in the workspace and the relationship between the joint angle velocity
q is described using Jacobian matrix, like &; = J;g. For the tasks with the first

priority, using pseudoinverse J fﬁ, the joint angles that achieves the task is given:
qy = I e+ (I, — T J1)y, (1)

where y,, n and I,, are an arbitrary vector, the number of the joints and identity
matrix of dimension n respectively.

For the task with second priority &2, the joint velocities g, is calculated as
follows [30]:

.. ~FH L . ~FH o
qsiy + J5 (&2 — J2qy) + (I — JT 1)L, — T3 T2)y,
where  Jy = Jo(I, — JTJ) (2)

where y, is an arbitrary vector of dimension n. It can be extended to the task
of j%0 (j > 2) priority in the following formula [32133].

. SH .

q;=q;_1 +J; (&; — J;q;_1) + N;y; (3)
NN R TN

NaEN; (L —J; Jd;), Jj=Jdj(In—J;_1Jj-1)

The CoM Jacobian [I2] can be also included as a task.

Weighted Pseudoinverse. In most cases, it is considered to be preferable for
a humanoid robot use the lighter links to achieve tasks. For this purpose, we
introduce a weighted pseudoinverse:

Ji, = (JTWIH)TUITW, W = diag{\/W1,... /W, } (4)

The weight W; of each joint is given as the ratio of the mass m; of the
link 7 to the total mass M, namely m;/M. Moreover, a selection matrix S =
diag{S1,...Sn} (S; = 0or 1) is multiplied to this inverse to select the activated
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Fig. 3. Method overview

joints according to the task specification. The selection matrix is set to I,, if the
all the joints are used to achieve the task.

Using this weighted Jacobian first lighter links are used then heavier ones.
By combining a selection matrix S; that forbids using the joints approaching
the limit of the movable range, the heuristics of whole-body motion workspace
extension [38] can be implemented in a simpler way.

Monitoring Task Execution Criteria. While the motion is being computed
by the generalized IK, several properties are monitored.
One of the important measures is the manipulability [35] defined as:

w = \/det{JJT} (5)

This measure is continuously tracked during the motion generation as well as
others such as joint angle limits or end-effector errors from the target. If it
becomes below a certain value, it means that it is difficult to achieve the task.

Joint limit constraint can be taken into account by introducing another selec-
tion diagonal matrix S; whose ith component become zero if the corresponding
joint reaches a limit angle.

As shown in Fig. [3] when the monitor detects the measures that prevent the
task from being achieved, the support polygon reshaping is launched to extend
the accessible space as detailed in the next section.
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Fig. 4. Support polygon reshaping method

3.3 Support Polygon Reshaping

Figure M shows the proposed support polygon reshaping scheme. This simple
algorithm allows the humanoid robot to make a step motion, keeping a large
margin of accessible area for the task by facing the upper body to the target
direction.

Then the CoM motion &c,ps is computed from the new foot position by the
walking pattern generator based on preview control of ZMP [I1]. The basic idea
is to calculate the CoM position and then the leg motions by anticipating the
desired future ZMP positions that correspond to the footsteps.

Finally the original task is redefined as another problem of whole-body task
using this newly generated CoM motion. The same generalized IK solver frame-
work introduced in is used to incorporate the motion required for task and
the stepping motion in the whole-body level.

Fig.5. Experimentation on HRP-2. Putting weight on the right foot in (b), the robot
goes through a posture that is not statically stable (c) to finish stepping in (c). The final
goal of the end effector is achieved at (e). Notice that the robot makes a whole-body
motion including reaching task, stepping and keeping the gaze.
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Fig.6. Without support polygon reshaping, the manipulability measure decreases
below the threshold. Although it also decreases with reshaping, the manipulability
increases in the course of stepping motion.

3.4 Experimental Results

In the following experiment, the humanoid robot is required to reach a position
with the left hand. Four tasks are given with the following priority (i) foot
placement, (ii) CoM position, (iii) hand reaching task and (iv) gaze direction in
the order of higher priority. For all the tasks the weighted Jacobian () is utilized
for inverse kinematics. As for the selection matrix S, all the degrees of freedom
are used, namely setting S to I,,, for all the tasks. The reaching task is defined
by the target positions without specifying orientation of the hand.

The monitored criteria here during the motion are the manipulability of the
arm and the error between the reference end-effector position and the one cal-
culated by the IK solver. The robot tries to reach the target first with the CoM
position at the center of the initial support polygon. If those values go below
a certain threshold, the support polygon reshaping process is activated. Here
the thresholds of manipulability and end-effector error are empirically set to
1.5 x 10~ and 4.0 x 10~° [m] respectively.

0.4 ;
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B 0.1 ! e
02 /, /
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Fig. 7. Evolution of the ZMP coordinates during the motion. The shaded area expresses
the transition of the projection of support polygon in z axis (left) et in y axis (right).
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Figure [0l shows the manipulability measure of the arm during the reaching
task illustrated in Fig. Bl Without reshaping, the arm would approach a singular
configuration where the manipulability becomes lower than the threshold at
2.6[s]. The computation keeping the same support polygon is discarded. The
reshaping starts at this moment to recalculate the overall whole-body motion
including stepping. We can see the manipulability regains higher value at the
final position.

In Figure [ the time development of x and y positions of ZMP measured
from the ankle force sensors are plotted for the sideways reaching motion. The
dotted and solid lines are the planned and measured trajectories respectively.
The shaded areas in those graphs depict the transition of support polygon area
projected on x and y axis. As we can see, the planned trajectories of ZMP always
stay inside the support polygon.

4 Conclusion

The goal of this paper was to present the work in progress performed by the
authors in humanoid robotics. If Robotics and Computer Animation follow dif-
ferent goals with respect to their respective application fields, we think that
the research in both areas should benefit from a synergetic view. The synergy
comes from a common objective aiming at better understanding the compu-
tational issues of human motions. The questions addressed in this paper (how
to combine manipulation and locomotion tasks? how to enlarge the scope of
redundant system based methods?) are generic questions challenging for both
servicing robotics and game industry.
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Abstract. In this paper, our objective is to facilitate the way in which
emotion is conveyed through avatars in virtual environments. The es-
tablished way of achieving this includes the end-user having to manually
select his/her emotional state through a text base interface (using emoti-
cons and/or keywords) and applying these pre-defined emotional states
on avatars. In contrast to this rather trivial solution, we envisage a sys-
tem that enables automatic extraction of emotion-related metadata from
a video stream, most often originating from a webcam. Contrary to the
seemingly trivial solution of sending entire video streams — which is an
optimal solution but often prohibitive in terms of bandwidth usage —
this metadata extraction process enables the system to be deployed in
large-scale environments, as the bandwidth required for the communica-
tion channel is severely limited.

Keywords: Facial animation, emotions, avatars, MPEG-4, networked
virtual environments, immersive communication.

1 Introduction

Motivation. Conveying an emotional state between users in a virtual envi-
ronment is an essential component in achieving total immersion in a three-
dimensional world. The currently existing systems provide unsatisfactory results,
as they require quite a bit of user intervention in order to keep the avatar’s state
in sync with the actual emotional state of the user. While this manual process
suffices for a coarse impression of the emotional state of the correspondent, real-
ity is that emotional state changes rapidly and in a non-discrete fashion. To keep
up with the pace in which the parameters change over the course of a conversa-
tion, an automatic metadata extraction and visualisation system for emotional
data is clearly required.
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© Springer-Verlag Berlin Heidelberg 2008
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Contribution. The main contribution of this work is to extract the emotion-
related metadata from real-time video streams — most often captured through
a webcam pointed towards the user’s face — and applying these onto a stylised
representation of an avatar. To realise the goals stated in the motivation, we
developed a hybrid approach combining benefits of facial animation and user-
controlled 2D modelling and animation techniques. Facial animation is employed
to extract the movement and timing of the user’s facial components, lessening
the need for high-bandwidth channels typically required by video-enabled appli-
cations. In the visualisation phase, we opt for a structured 2D methodology as
the face to which the captured facial movements are applied can be either drawn
by hand or based on real footage. Another contribution to the research already
carried out is the integration of these types of information in (large-scale) 3D
environments.

Approach. Technically, the challenge is to extract precisely the right part of in-
formation from a sequence of input frames required for conveying the emotional
information. Whilst just transmitting the entire sequence of video frames would
be an intuitive way of solving the problem, this is often prohibitive in terms of
bandwidth consumption, especially when dealing with 3D environments contain-
ing large numbers of users. Therefore, the emotional data is extracted using face
and feature extraction algorithms, and only the required parameters (in the form
of a set of MPEG-4 feature coordinates) are transmitted over the network. At
the receiving side, the parameters are used to animate the avatar representing
the originating side.

Paper Organisation. This paper is organised as follows. We start with an
overview of related work in the field including realistic approaches, techniques
adhering to 2D, approaches which explicitly exploit 3D geometries and some
pointers to related work in the field of networked virtual environments (Section
). Subsequently, the different components making up our system are described
in detail in Section Bl We conclude this paper with some clarifying results and
our conclusions.

2 Related Work

In this section we look at some existing work that is related to the topic in
question, both from the viewpoints of stylised animation and immersive commu-
nication in networked virtual environments.

2.1 Facial Animation

Towards Realism. Starting with Parke [I], many researchers have explored
the field of realistic facial modelling and animation. For the modelling part this
has led to the development of diverse techniques including physics based mus-
cle modelling, the use of free-form deformations, and the use of spline muscle
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models. For the animation part, the complexity of creating life-like character
animations led to performance-driven approaches such as motion capturing and
motion retargeting.

We limit this discussion to published work employing some of the mentioned
techniques targeted at modelling and/or animating 2D faces. Fidaleo et al. pre-
sented a facial animation framework based on a set of Co-articulation Regions
(CR) for the control of 2D animated characters [2]. CRs are parameterised by
muscle actuations and are abstracted to high-level descriptions of facial expres-
sion. Bregler et al. use capturing and retargeting techniques to track motion
from traditionally animated cartoons and retarget it onto new 2D drawings [3].
That way, by using animation as the source, similar-looking new animations can
be generated.

Although the described techniques are promising and deliver very appealing
results, major issues can be identified when targeted to avatars. In the animation
stage, they don’t offer much freedom of exaggeration (e.g., extensive 3D mod-
elling) whereas the modelling stage implicates a lot of tedious and cumbersome
work for the animator (e.g., placing physical markers).

Sticking to 2D. In 1996, Kristinn Thérisson described a dedicated facial ani-
mation system, ‘ToonFace’, that uses a simple scheme (a face gets divided into
seven main features) for generating facial animation [4]. Ruttkay and Noot dis-
cuss ‘CharToon’ which is an interactive system to design and animate 2D car-
toon faces [B]. Despite its wide range of potential applications (faces on the
web, games for kids, ...) a major drawback compared to our approach is that
transformations outside the drawing plane are not supported.

Towards 3D. Recently popular, non-photorealistic rendering (NPR) [6/7] tech-
niques (in particular, ‘Toon Rendering’) are used to automatically generate
stylised cartoon renderings. Starting from 3D geometrical models, NPR tech-
niques can generate stylised cartoon renderings depicting outlines with the
correct distortions and occlusions. In order to introduce more concepts of 2D
animation, Paul Rademacher presented a view-dependent model wherein a 3D
model changes shape based on the direction it is viewed from [g].

Starting from 3D has the advantage of the possibility to automatically create ex-
treme frames but at the cost of heavy modelling and, in addition, the results suffer
from being too ‘3D-ish’ when one pursues the typical liveliness of 2D animation.

2.2 Immersive Communication

Communication between users in a virtual environment was traditionally done
through the use of text-based chat, or, in most recent examples, through real-
time VOIP sessions. Obviously, the application of video communication in this
context would be an ideal solution, as the immersion in the 3D world remains
at an optimal level — not requiring the user to be distracted by the use of
cumbersome input devices such as a keyboard.
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Various ways to integrate video into an NVE-like application can be envi-
sioned. For example, in [9], a video recording is made of a person turning 360
degrees in front of a camera setup. Each time the avatar needs to be displayed in
virtual reality, a set of two images is selected from the obtained sequence. The
use of two distinct images is needed for stereo visualisation in a CAVE environ-
ment. Of course, the images being displayed are static, and only their position
in the scene is subject to change.

The authors of [10] also use an immersive display technology, and use the
positional data gathered from an electromagnetic tracking device to place the
avatar in virtual space. Stereo-image video cameras are placed in the corners of
the immersive display setup to capture moving images of the user together with
depth information, in sync with the captured motion information. All data is
subsequently transmitted to the other clients, which choose those frames from
the sequence that were captured with the stereo camera that matches best with
the position of the avatar from their viewpoint. While the system yields good
results, it is only applicable in small-scale deployment due to high deployment
costs and bandwidth issues, as data from every camera has to be transmitted to
each client.

In [II], (full body) video captured from a camera is applied to a three-
dimensional mesh of a human figure. Some enhancements are made to provide
additional features beside pure video (comments and gestures). The system de-
scribed is used mainly for guiding users through vast virtual spaces. We should
point out here that this system can only be used off-line (i.e. with pre-recorded
sequences).

Finally, [12] uses an off-line reconstructed head model to project real-time
video onto. Again, the setup used is an immersive display setup and obtains
positional data from tracking devices. Segmentation of the video images is fa-
cilitated as only information on the user’s head is relevant. As the system was
designed for use in a controlled local area network environment, no encoding
and/or decoding of video sequences was needed, optimising the quality obtained.
Other examples of related work are presented in [I3T4UT5].

Simplified implementations of similar technology often come packaged with
webcams, such as those made by Logitech. It is important to note that these
types of software only work with specific hardware and often use simplified meth-
ods to extract facial information (e.g., histogram- or colour-based methods).
Also, there is no provisioning for transmission of the relevant feature data in
any appropriate standard.

3 Owur Approach

The established ways of conveying emotions between users in virtual environ-
ments vary from just transmitting the entire sequence of video frames, over
performance-driven animation, to manually select one’s emotional state. This
is often prohibitive either in terms of bandwidth consumption or in terms of
manual input.
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facial motion
extraction

stylized animated avatar

Fig. 1. Overview of the different components of creating and animating an avatar

In our approach (Figure[Il) the emotional data is extracted automatically using
face and feature extraction algorithms, and only the required parameters (in the
form of a set of MPEG-4 feature coordinates) are transmitted over the network.
At the receiving side, the parameters are used to animate the avatar representing
the originating side. The novelty of our approach lies in how we combine bene-
fits from performance-driven facial animation and user-controlled 2D modelling
and animation techniques. Performance-driven facial animation is employed to
extract the movement and timing of the user’s facial components, lessening the
need for high-bandwidth channels typically required by video-enabled applica-
tions. In the visualisation phase, we opt for a structured 2D methodology as
the face to which the captured facial movements are applied can be either hand
drawn or incorporated real footage. Another contribution to the research already
carried out is the integration of these types of information in (large-scale) 3D
environments.

3.1 Avatar Creation

Modelling Extreme Poses of Drawn Facial Parts. Instead of drawing a
‘complete’ face at once, every individual part (face outlines, mouth, nose, left eye,
right eyebrow, ...) of the face can be drawn independent of the others. These
facial components (also denoted facial channels) are arranged in a hierarchical
manner, defined as Hierarchical Display Model (HDM).

In order to achieve convincing 3D-like animations, several view-dependent
versions of the HDM (each depicting the same face but as seen from a differ-
ent viewpoint) can be drawn in order to cover out-of-the-plane animation [I6].
Considering facial animation from an artistic point of view, realistic behaviour
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Fig. 2. Some extreme poses of a drawn animation character composed of only 15 fa-
cial channels depicting three expressive versions: (a) €necutral, (D) €emotional, and (c)

€exaggerated

is not always desired but there’s a need for fake, yet very impressive or dramatic
effects; especially when applied to avatars [I7JI8I19]. Hence, in addition several
‘expressive’ versions of each facial channel can be modelled covering the range
of expressiveness held in the user’s mind. So, for each expression type, all chan-
nels have a separate version. Figure 2] shows three extreme poses of a drawn
animation character illustrating the discussed concepts: (a) is composed of 15
facial channels which all depict the same expressive version e,eutrq; Whereas (b)
and (c) are made up of the same facial channels illustrating expressive versions
€emotional AN €czaggerated- Typically, in total 18 to 27 extreme poses are more
than sufficient to cover a wide range of views and expressions (9 depicting the
several views, multiplied by 2 or 3 expressive versions).

Modelling Extreme Poses of Real Footage. Besides freely drawing ex-
treme poses/frames starting from a blank canvas, our system also includes the
possibility to create extreme frames by incorporating scanned drawings or real
images depicting extreme poses (see Figure[d)). Starting from incorporating a real
image, depicting one extreme pose, the user can define mesh structures over cer-
tain image parts that contain interesting information. In fact these meshes can
be grouped/layered together in the usual way such as the Hierarchical Display
Model (HDM). First, one or more initial meshes are created (using subdivision
surfaces) for only one image, corresponding to one extreme frame. Then, other
extreme frames are created by incorporating new images (each depicting another
extreme pose) for which the user only has to modify a copied instance of the
initial meshes. As a result multiple HDMs can easily be created, where each
HDM again corresponds to a specific view.

3.2 Facial Motion Data Capture and Extraction

Facial motion data is directly captured from the user’s movements using off-the-
shelf hardware such as low-cost webcams and digital cameras. Unlike the rigid
demands posed on the frame grabbing process by real-time video (i.e. a minimum
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/ Modelling One Extreme Pose / Hierarchical Display Model (HDM) \
> Pad
&ank canvas real footage layered mesh structure HDM,
/ Modelling Various Extreme Poses / Hierarchical Display Models (HDMs)
a ' o @
HDM, extreme frame, HDM,; extreme frame, HDMy extreme framey

Fig. 3. Overview of the different components of creating an avatar by incorporating
scanned drawings or real images depicting extreme poses

of 10 fps for fluent motion), which is required for full-frame avatar reconstruction,
our solution demands only a few frames to be grabbed in each time frame to
achieve adequate results. To substantiate this claim, we remind the reader that
the latter technique is much more computationally expensive (i.e. to reconstruct
in-between frames in a video sequence) than to interpolate between a very limited
set of (feature) coordinates representing the facial expressions on a 3D model.

After the raw video frames are captured, we use the face detection algorithms
present in the OpenCV library, which in effect uses techniques based on Haar-like
features. Because the existing Haar classifiers are complementary, we combined
the results into a set of (possibly) overlapping rectangles, the union of which is
calculated in a subsequent step. This step of the process ends with the creation of
a set of rectangles representing the detected faces. Elementary image processing
algorithms are applied to the detected regions in order to determine the location
of the important features — which, for emotion recognition, are mainly the
shape of the mouth and the eye/eyebrow combinations. We also exploit some
well-known anatomical facts that help to speed up the processing, such as the
assumption that there is a minimal distance between the features and their
relative position with regards to one another. What we end up with is a black
and white mask, for which it is easy to extract the required feature parameters
(see Figure H)).

More in detail, data describing the movement of facial components is extracted
[20] and made available on a multi-level basis according to the MPEG-4 char-
acterisation [2I]: (i, low level) movement of individual feature point positions
relative to a set of facial invariant points according to the MPEG-4 Facial Fea-
ture Points Location; (ii, medium level) movement of defined areas of the face
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/ Facial Motion Data Capture \ / Facial Motion Extraction \

Fig. 4. Overview of the process of facial motion data capture and extraction

described in terms of MPEG-4 Facial Animation Parameters (FAPs); and (ii,
high level) motion in terms of MPEG-4 Facial Expressions.

3.3 Animation System

After the extreme poses of the facial parts are modelled, the extracted facial mo-
tion data can be applied to animate the avatar. As the extracted motion of the
facial components is made available on a multi-level basis, various mappings can
be defined between the modelled facial channels and the extracted motion data.
At the lowest level, for each facial channel any arbitrarily control point or
user-selected part of the channel can be enforced to inherit the motion of one
of the captured MPEG-4 Facial Feature Points. At a medium level, each facial
channel can be driven by one or more of the captured MPEG-4 Facial Animation
Parameters (FAPs). At the highest level, ‘expressive’ versions of facial channels
can be grouped together on the basis of expressing the same emotion (e.g.,
joy or sadness). We define these groups as Facial Expression Channels (FECs).
These are analogous to the captured MPEG-4 Facial Expressions and can be
considered as groupings of FAPS expressing a specific emotion. At the medium
level, for instance, user defined facial parts can be driven by one or more of
the captured MPEG-4 Facial Animation Parameters (FAPs). This happens in
an easy and interactive way during the modelling stage and requires only a
reasonable amount of manual input. For each facial part, the animator only has
to define regions (FAP regions) using a lasso tool and attribute each of them
to a desired FAP. Figure [H] depicts a FAP region defined by the animator. Note
that each desired FAP region only has to be defined once for one of the extreme
frames. The selection automatically gets propagated to the other extreme frames.
Once the desired mappings have been made, the extracted facial motion data
is loaded into the animation system and all keyframes are automatically set,
hence, driving the animation. As mentioned in previous section, our solution
demands only a few frames to be grabbed in each time frame to achieve adequate
results. Missing (i.e. non-captured) frames are reconstructed on-the-fly either by
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Fig. 5. Example of a user defined FAP region

extrapolating or by interpolating between surrounding frames (after delaying the
stream a few frames). For the case of drawn facial parts, the underlying curves
making up the drawings are interpolated to create in-between drawings whereas
for real footage all corresponding meshes imposed on the keyframes are warped
to each other automatically across intermediate frames. We refer the reader to
[22] for an in-depth explanation of the animation system.

3.4 Visualisation of Results in 3D Environments

While we won’t go into great detail on the network architecture behind the
networked virtual environment that is used to test the results, we will mention
some of the features that show that the integration of this type of information
can be done with relative ease. The networked virtual environment being used
is based on a client/server architecture, with an intermediate layer of ‘proxy’
servers that are employed to channel the data flows and which mitigate the need
for multiple (persistent) connections between a client and the servers responsible
for state management (here referred to as the ‘logic’ servers). As the architecture
is already designed with the ability to efficiently channel all positional data
related to avatars (as is true for all NVE architectures), it becomes a trivial
extension to include the emotional data that is generated by our system. In
effect, the main difference between the two types of information is in their update
rate (which is much higher for positional updates) and their relative importance.
While the data required for conveying emotions can be considered non-essential,
the same is not true (to an extent) for positional data.

4 Results

Figure [0l depicts some stills of a generic scene consisting of 3 billboards where
a user is, at the same time, visualised using the entire video stream (first bill-
board) requiring large amounts of bandwidth, and two avatar forms including
the emotional information (requiring minimal additional bandwidth). The sec-
ond billboard depicts the emotion conveyed by the first billboard but retargeted
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Fig. 6. Snapshots of a generic scene consisting of 3 billboards. The first billboard
visualises the input data whereas the second and third depict the emotion conveyed by
the first billboard but retargeted to a drawn man’s face and a drawn frog’s face. The
last image shows two users communicating through their avatars.

to an expressive drawn man. For this avatar 18 extreme frames were used con-
sisting of 9 versions which are used to cover different views multiplied by 2
emotional versions (i.e. either neutral or happy) which have been drawn for each
view-dependent one. The model itself consists out of 15 facial parts and in total
33 FAP regions were defined. The third billboard shows some snapshots of the
same emotions retargeted to a very expressive (i.e. always happy) drawn frog.
In this example, only 4 extreme frames were used to drive the animation. The
frog’s face is composed of 14 facial channels. The last image shows two users
communicating through their avatars.

Discussion. All results are driven by real-time gathered facial motion data and
have been evaluated visually by the authors. Certainly, the degree of resemblance
depends on the quality (i.e. lifelike modelling versus exaggerated modelling) and
the size (i.e. number of view-dependent or emotional extreme frames) of the
created emotion space. However, in general we can conclude that there is a clear
resemblance between the features of the user’s emotional expressions and the
final animated output.

5 Conclusions

In this paper we have presented a combination of existing technology allow-
ing users to convey emotions through their avatars in a 3D virtual environ-
ment, without major impact on the bandwidth requirements. This is achieved
by capturing real-time video using off-the-shelf webcam hardware, and analysing
the resulting data flows to extract the facial features important for (human)



232 F. Di Fiore et al.

emotion recognition. Instead of using an actual recognition process, we determine
the important feature coordinates and send these to the receiving side, where
they can be used to animate a (stylised) avatar representation of the user. Tech-
nically, this is achieved by representing the coordinates as a set of MPEG-4 facial
feature points and combining them with MPEG-4 Facial Animation Parameters.
An in-betweening process is used to interpolate the keyframe information that
is sent between the communicating parties. The results have been shown to be
applicable in a generic 3D environment.
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Abstract. Realism in games is constantly improving with increased
computing power available to games and as game players demand more
visual realism. Therefore, facial animation and particularly animated
speech, is becoming more prevalent in games. We present a survey of
facial animation techniques suitable for 3D computer games. We break
our discussion into two areas: modeling and animation. To model a face,
a method of representing the geometry is combined with a parameteri-
zation that is used to specify a new shape for that geometry. Changing
the shape over time will create animation, and we discuss methods for
animating expressions as well as achieving lip-synchronized speech.

Keywords: Facial Modeling, Facial Animation, Animated Speech.

1 Introduction

Facial animation [1L2,[3] can convey information to game players and increase
immersion. Facial expressions [4,[BL6,[7] can convey emotion, direct attention,
or show that user action is required. Animated speech can create a much more
immersive experience, but only with high-quality speech synchronization, which
is difficult to achieve. This animation required important CPU cycles that would
take away from game play and so until recently was rarely used in games. As
computers continue to increase in power, and with the advent of powerful pro-
grammable GPUs, facial animation in games is becoming more common and
expected.

Animated speech requires deformable lips that move in synchrony with the
audio. Incorrect visual information can lead to confusion and misinterpretation,
so accuracy is important. Static realism can be achieved with a high resolution
model and texture map. Higher-order surfaces such as NURBS or subdivision
surfaces can also increase the static realism at a computational cost. Dynamic
realism is achieved by creating realistic motion and requires a fast frame rate.
Dynamic realism is much more important of the two as it directly affects the
effectiveness of conveying the message to the game player through speech.

Facial animation is very important to the entertainment industry leading to
development of tools to aid in facial modeling, animation, and speech synchro-
nization. These tools were designed for realistic facial animation and not for
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speed. Some tools were redesigned and others created to aid the game developer.
Some example products are: Face FXT™™by OC3 Entertainment (oc3ent.com),
Facial Studio for WindowsT™from Di-O-Matic (di-o-matic.com), GameFace™
from aPeerance (dipaola.org/apeerance), Life Mode Interactive’s (lifemi.com)
LifeStudio:Head™ and LifeStudio:LipSync™, Magpie Pro of Third Wish Soft-
ware & Animation (thirdwishsoftware.com), and proFACE from Famous3D (fa-
mous3D.com). Also game some engines have built-in facial animation support
such as Source™from valve (source.valvesoftware.com). But, in the entertain-
ment industry products and companies emerge and disappear quickly.

To add facial animation to your game, there are three things to consider: how
to represent the geometry, how to parameterize the geometry, and how to ani-
mate the geometry; and they are not quite independent. We describe these three
areas and discuss solutions that have been proposed in the following sections.
We also discuss rendering techniques for increasing realism.

2 Modeling

A facial model combines the face geometry with a parameterization that defines
the shape that geometry takes. This could be as simple as a mesh that defines
the connectivity of a set of vertices with the location of the vertices making up
the parameterization. However, such a large number of parameters is difficult
to control. A parameterization that is not directly related to the method of
representing the geometry is much more powerful. The parameterization may be
used to create different face shapes (i.e. different characters) or to deform the face
to change its appearance (i.e. change the expression). Multiple parameterizations
may be used together or separately depending on the situation.

2.1 Geometry

For games, the method of representing geometry is limited to those that can
be deformed and rendered in real-time. Since graphics hardware work best with
triangles, they are an obvious choice, especially low-resolution meshes. With the
increase in GPU power and in new functionality, higher-order surfaces, such as
subdivision surfaces and NURBS are becoming viable choices.

One tradeoff between quality and speed is the number of vertices. Eyebrows
should be present as they are the most important part of the face for showing
expression. A single thick line (or possibly three line segments for each brow) that
is separate from the rest of the face geometry may be adequate. This will allow
for fast dynamic realism. When using triangles, the upper and lower borders of
the eyebrows should have at least four or five segments. Using simple material
properties with high contrast between the brows and the face such as black, with
very little specular light is a good choice. See Figure [Il for example eyebrows.
For non-speaking characters, a low-complexity mouth is adequate. For speech,
lips need seven segments and should include parts only seen when the mouth
is open. Teeth and a tongue [8] are also needed. Figure 2 shows an example of
low-resolution lips [9] capable of realistic animated speech.
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Fig. 1. The image on the left uses 16 triangles (8 will suffice) for each eyebrow, while
the image on the right uses 3 lines for each brow

Fig. 2. An example of a low-resolution mouth with lips, teeth and tongue

2.2 Parameterizations

A parameterization abstracts the shape or movement of the surface in R? into
something easier to use by an animator or director. Several layers of parameter-
izations or several separate parameterizations can be used for facial animation.
The facial model may be as simple as pure geometry, such as CANDIDE [I0],
or it could be very complex with separate parameterizations for different parts
of the face [I1]. The parameterization could be a displacement from a neutral
shape [12,[13] or based on muscle movement, sounds, emotions or expressions.
Several methods can be used to create animation and each method may define
a new parameterization between the animation and the model.

A common early method was to create a parameterization based on empirical
study of faces or using techniques from traditional hand-drawn animation [T4)T5].
A new parameter that interpolates between two extremes poses, or a pose and
the neutral face, is often used for each expression. Since muscle contractions
actually cause the deformations, using them as a basis for controlling surface de-
formations has been very popular [16L17,18|19L20L2T],22123] 2425/ 26]. Muscles
are generally given insertion and attachment points with a zone of influence. At
the model level, they are a good choice for a parameterization. At the anima-
tion level, it is difficult for an animator to specify all the muscle values. Instead,
another high-level parameterization, such as emotions or expressions, is often
used.

The Facial Action Coding System [27] (FACS) was designed to describe
changes in facial appearance. Although the system was designed as a descrip-
tive system, FACS has been embraced as a way to generate facial expressions.
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FACS++ [24] was an attempt to fix this shortcoming and an updated FACS
(face-and-emotion.com) is now available.

3 Animating

The human face is quite expressive and is used to communicate ideas as well
as emotion. Humans interpret faces from birth and are very sensitive to inaccu-
racies making realistic animation a difficult problem. Animating faces involves
speech, expressions (which includes emotion, gestures, etc.), and life motions.
Life motions, such as breathing, non-expressive blinking, head motion and hair
motion, are all the little things that make the model look alive, but do not con-
vey specific information. Methods for creating 3D facial animation can be broken
into three categories: performance capture, keyframing, and physical simulation.
These methods are not mutually exclusive and it is possible to combine them.

3.1 Performance Animation

An effective method of creating realistic motion is to capture the motion of an
actor giving a performance then apply this motion to a 3D character resulting in
extremely realistic motion. Often the motion is captured using video techniques
[251128,[29,130]. But other capture methods such as a puppeteer interface [29,[31]
or magnetic trackers, can be used.

Using captured motion has been a very popular method for achieving an-
imation in games, particularly for animating humans. Facial animation is no
exception. Motion capture can give some of the best results for speech synchro-
nization as the effects of prosody and coarticulation are captured.

Performance animation can be used in one of two ways: the final motion for
the animation is captured and played back or motion fragments are captured
and these are concatenated together to create the final animation. The first
method is popular in high-end games due to the good results. However, the
results tend to fall into the uncanny valley. It is also very expensive to capture
all facial motion in advance. To make the problem tractable, speech is broken
into segments (usually phonemes [32,33,[34], but triphones or syllables [35] can
be used.

Capturing the motion of segments and using those to create novel animations
shows promise, but there are some difficulties to overcome. A major problem is a
method of time warping [36,[37] the motion must be found since the duration of
new segments will be different than the duration of captured segments. Another
problem is a method to retarget the captured motion data to the model to be
animated. Several solutions have been used including using radial basis functions
[33], blendshapes [38], and determining muscle activations [39]

There are also some practical issues to deal with such as capturing only non-
rigid motion. This is actually a difficult problem as markers are placed on the
skin and the skin can move independently of the bone. This means that rigid
motion can’t be separated from non-rigid motion by using any set of markers.
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Using a helmet or fixing the head so as to restrict rigid motion can be used,
but these will affect the way the actor speaks. Another problem to overcome
is to segment the captured motion correctly. This is a very difficult problem as
the timing of phonemes is difficulty to determine. There are automated tools
that can be used since the text is known. But their accuracy may not be precise
enough for this problem.

When capturing segments, coarticulation and prosody must be dealt with
as well. In addition, expressions add complexity. It is also possible to capture
texture along with the motion [40,[41] to get secondary motion such as wrinkles.

3.2 Keyframing

In order to create animated speech, keyframing is almost a necessity when not
using performance capture (e.g. [12,20,21,22,23, 31,42, 43,44 45, 46,47, 48, 49,
50,51]). This is because the visual signal has to be synchronized with the audio
requiring targets at critical times, such as when the lips should be in contact
with each other. The differences in using keyframing lie in how the keys are
produced, combined, and interpolated.

A common and effective method to create the keyframes is to define an ideal
face shape for each possible expression and each phoneme. These keys can be
created by changing the model parameters, by having an artist create different
key poses, or captured using a 3D digitizer from a sculpture [47] or an actor [32].

Keys can be interpolated in a number of ways: with splines [20,/52], giving
the keys mass connected with springs [53], linearly, using sine [16], with a pup-
peteering interface [31L[47], as a shape morph [49], and many others. Using a ¢?
interpolant is important to get more natural motion. This is particularly true
for speech. Methods for interpolating speech keyframes are discussed later.

3.3 Physically-Based Animation

Physics-based models treat the geometry as a point-mass system. Forces are ap-
plied to the points and motion is calculated using Newtonian physics. Often, the
skin surface is defined as a mesh connected with springs [1623,26/5T54/55/56.57)
EIBIG0L6TL62L636465,66]. Applying forces to the nodes via muscle contraction
and solving the resulting differential equations gives animation. The integration
can be solved using techniques such as fourth-order Runge-Kutta, implicit Euler,
or Verlet leapfrog.

3.4 Other Techniques

Many other techniques used for animation can be used effectively in facial an-
imation as well. These techniques make animation more efficient or easier to
create (either for an artist, director, or automatically).

Creating a hierarchy of motion, description, surfaces, etc. is a technique that
can be used for animating, parameterizing and modeling [TT],[17,21],22][63. 66,67,
68]. Several simple layers replacing a single complex layer can increase perfor-
mance and make the system easier to use.



Animating Speech in Games 239

Scripting [I3|I721L22,[69L70L[7TTL[72] gives greater control over the characters
to the director or animator and facilitates the reuse of animation. Procedural
animation [I9,[73] is quite useful for controlling the many supporting characters
in a game and for use in giving the character more natural responses to the
game player via artificial intelligence methods. Noise can even be used to create
believable facial animation (mrl.nyu.edu/~perlin/facedemo/).

3.5 Animating Expressions

Expressions convey emotion and concepts and they include head nods, eye blinks,
raising eyebrows, eye gaze, and high-level emotions. During communication, ex-
pressions [4[5] are used to accentuate speech, for turn taking, to convey under-
standing, and to deceive [6]. FACS [27] is quite popular for animating expressions.
Expressions can be added explicitly to the animation, automatically based on
the emotion of the character [74], based on how the character is participating in
the dialogue [75], or from information in the recorded speech [20].

Expressions are formed in three distinct areas [5]: the brows, the eyes, and
the mouth. Of these, the most important is the eyebrows for most expres-
sions. It is important that the player can easily see the position of the eye-
brows. The eyes, particularly the lower eyelids [6] show the difference between a
true emotion and an emotional emblem, or between a true emotion and a false
emotion. Expressions such as eyebrow raising and head nods are very impor-
tant in dialogue management (turn-taking) and greatly enhance the character’s
believability.

Eye motion [76] is also quite important for realism. Without properly moving
eyes, the character will not seem alive. Also, eye contact or lack of eye contact
can be used effectively for controlling dialogue with the player. While talking, the
head is rarely motionless and this motion is synchronized with speech. Life mo-
tions, such as blinking, looking around, and breathing are important secondary
motions to add to give your character the illusion of life.

Figure Bl shows a look of surprise at various zooms. Low-resolution models
can convey emotion, however, when the character is too far away, expressions
are indiscernible and therefore displaying them should be dependent on screen
size. Also, without the appearance of wrinkles on the forehead and shadows in
the eye sockets it is difficult to determine when the eyebrows are raised.

Fig. 3. The same surprise expression from different distances. As fewer and fewer pixels
are used to display the face, it becomes much more difficult to recognize.
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There is strong evidence [4,[5] that there are universally recognized expres-
sions namely: fear, anger, disgust, sadness, enjoyment, and surprise. Other facial
expressions and expressions of emotions may be, and most likely are, cultural
specific. For games with an international audience, it is important to not use
subtle expressions and to make sure that the expressions are culturally correct.

3.6 Animating Speech

Speech is very difficult to animate correctly. If the velocities of the lips are not
realistic, this bad motion will not only detract from the experience, it may also
lead to misinterpretation. Traditional animators realized it was too difficult to
create by hand and instead just opened and closed the mouth. The audience
quickly dispels belief and uses audio only to interpret the utterance, along with
visual cues to emotion and facial expression. If the CPU cycles are not available
then this simple method of non-synchronization may be used.

The most common approach is to break the speech into phonemes (phonetic
elements and group similar looking phonemes into visemes] placing one or more
keyframes per phoneme, and interpolate these keyframes. Linear or spline in-
terpolation, which works well for most animation, falls short when animating
speech (mostly because they give incorrect accelerations). Also, a phoneme does
not always look the same due to coarticulation and prosody. Coarticulation is the
effect a phoneme has on, and is affected by, its neighboring phonemes. Prosodic
features of speech affect the timing and position of the vocal tract parts and
include length, accent, stress, tone, and intonation.

If the visual manifestation of coarticulation is missing, important information
for the listener will be absent making the speech harder to understand as well as
being visually incorrect. Systems using a coarticulation model achieve better re-
sults because they allow for different shapes for the same phoneme. There are many
different models of coarticulation including look-ahead (rules) [20,23,[50,77[78],
cosine interpolation [53], and dominance functions [I11[79,[80L8T,82.E3].

A few systems have dealt with prosody, mostly in the form of facial expres-
sions, such as eyebrow movements to add emphasis, gaze control for turn-taking,
and hand or head motion to reinforce the message. These prosodic effects can
come directly from an input speech signal [20/84] or generated by the system [69,
74]. These expressions are quite helpful in conveying the message to the player.

4 Rendering

Speech can suffer terribly from aliasing as frame rates of 25Hz (or even 100Hz)
are not adequate for all situations. The problem arises for consonants where the
visible parts of the vocal tract make contact with each other, such as the lips
for /p/, /b/, and /m/; the tongue and teeth for /th/ and /d/; or the lips and
teeth for /f/ and /v/. When sampling at a regular interval it is quite easy to

! The number of different visemes to use varies widely (10-20). Good sources are
animator’s guides and speech reading literature.
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miss the contact entirely or to have it appear too quick. One possible solution is
to use irregular intervals, which will happen anyway in game situations as frame
intervals are never constant. Aliasing will be reduced but not removed. Instead,
these important contact events can be marked and either shifted to occur at the
current frame time, or the current time can be set to that time [82].

Modeling and rendering hair [85]86,[87,[88] and skin [89,[00,91,02] are also
important, but tend to be quite expensive and beyond the scope of this article.
Using texturing to achieve realism is the best choice in most real-time situations.
Using programmable GPUs will be key to improving visual realism.

5 Conclusions

Good real-time facial animation techniques are currently available and they will
rapidly make their way into games. They are still expensive in terms of com-
putation and in development costs. However, as artificial intelligence techniques
continue to improve, the importance of dialogue with the player will necessitate
facial animation. As more tools become available and as more research gets con-
verted to commercial use, good facial animation will be commonplace in games.

Acknowledgments. The Harley model is courtesy of nVIDIA from their Cg
SDK (developer.nvidia.com).
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Abstract. Using Procedural Animation techniques, Autonomous Digital Actors
can be created that can take blocking and emotive direction to act out scenes
without the use of linear or motion captured animation. We describe the high
level architecture of our research that enables (1) interfaces that “coach” the
movement styles of digital actors, and (2) the incorporation of pre-existing mo-
tion captured and hand animated walk cycles in this coaching process.

Keywords: Animation, procedural, autonomous.

1 Introduction

The future of computer games and animated films is not in spaceships or dragons or
laser death rays, but rather in the mysteries of the human heart. What makes a rela-
tionship really work? What is the magic within human bonds of friendship, sexual
chemistry, the intuitive understanding of why somebody has just told you the exact
opposite of what they meant, and yet communicated to you the deeper truth beneath?
We are moved by great performances, either live or animated, by the expression of
the inner thoughts and emotions of the characters by the talent of the actor or anima-
tor. Translating these concepts to real-time interactive animation requires moving
beyond mere blending of pre-existing snippets of linear animation.

The results of recent research suggests that much of the 3D animation and gaming
industry will soon be shifting to a new way to create and animate 3D characters, and
that rather than being required to animate a character separately for each motion se-
quence, animators will be able to interact with software authoring tools that will let
them train an Autonomous Digital Actor (ADA) how to employ various styles of
movement, body language, techniques for conveying specific emotions, best acting
choices, and other general performance skills.

Once properly trained, such an ADA would be able to take direction interactively
from a non-animator, to play many different scenes while effectively conveying
changing nuances of mood, personality and intention.

Directors may become accustomed to working with troupes of ADAs that can in-
teractively play scenes together, and are able to follow stage directions and sight

Lines, manipulate props, and effectively express the shifting relationships between
characters in the scene.

A. Egges, A. Kamphuis, and M. Overmars (Eds.): MIG 2008, LNCS 5277, pp. 246 ' 008.
© Springer-Verlag Berlin Heidelberg 2008
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Such capabilities can lead to new styles of production practice that have the poten-
tial to shift the economics of character animation. The ability to impart skills to an
ADA would also amount to a new form of intellectual property. Animators who teach
such skills, or the employers who pay those animators' salaries, would be able to sell
and trade such L.P. to anyone who wishes to make animated movies and interactive
entertainment.

Another consequence of such developments could be an eventual convergence be-
tween animated movies and interactive media, both in their production practices and
in their content, potentially evolving into new genres of interactive character-driven
storytelling that can emotionally engage audiences in ways that cannot be achieved by
either movies or games.

The increased use of ADA’s may also lead to an explosion in user-created ani-
mated content, which could have a transformative impact on public venues for the
distribution of user-created content such as YouTube.

2 Our Research Approach

This paper describes the high level architecture of an approach we have been taking
toward the development of ADAs, in which animators explicitly take on the role of an
acting coach. We will refer to the software used by such animators as Acting Coach.

Using procedural animation techniques, movement, gestures, body language, as
well as emotional relationships are expressed parametrically and then simulated at
run-time rather than stored as animation clips. Unlike hand animation, procedural
animations assets can be 'dialed up/down’, to control their relative contributions to the
final movement, as well as combined with any other procedural asset.

Integrating this approach into existing game run-time engines is straightforward, as
our procedural animation tools are responsible only for providing movement of bone
matrices.
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Within an application, the Actor Machine Engine views the Al through physicality
along the following layering

e Response to other actors
(Example: Get angry when your date checks out another character)
¢ Emotional Direction
(Example: Act Angry, confused, wistful, weary)
e Physical Direction
(Example: Shoulders back, knees bent)
e Physicality
(Example: Joint movement)

The top layer would be part of a game Al, director's authoring tool (whether text
based or through a GUI) while the bottom three layers comprise the Actor Machine
Core layering.

Types of Input to the Actor Machine Engine:

¢ Emotional direction for each character
¢ Inter-Character Relationship
e Character Blocking Goals (including such actions as 'meander’)
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e Character Action Goals (pick something up, sit down, embrace another character,
etc)

e Terrain

e Obstacles

e Props (augmented with, for example, grasping handles)

The Engine can be queried and/or events generated about its current state for inter-
action with the Game Al (such as goals reached, objects grasped, etc).

Since the procedural engine produces typical bone matrices for animation pipeline,
our animations can be blended in/out with linear animation clips or ragdoll animation
using traditional techniques.

By simplifying the interaction with the animation subsystem, we hope to show that
a procedural character engine can become an easy to integrate part of the game stack,
much as physics engines have become.

3 The Components

Authoring tools are required to train digital actors in the form of Procedural Assets,
while run-time engines are required to generate the movement based on these assets.
We refer to authoring tools as Coaches and the runtime engines as Machines. In this
section we delineate the various types of Coaches and Machines. It is important to
note that the various Coaches are aimed at different types of users. For example, the
Movement Coach would be used by a trained animator who understands the subtlety
of human movement. The Acting Coach would not require animation skills. It is used
to train the digital actors how to utilize gestures and movements available to it (as
assets created by animators) to express coherent emotional states and actions.

3.1 Movement Coach

The Movement Coach is used to train a digital actor as to the basic aspects of how to
walk, move, sways, rthythms, etc. by creating/editing Procedural Movement Assets. In
essence, an animator would use this tool to tune the 'style' of movement for that digi-
tal actor (eg: John Wayne, Marilyn Monroe and Shrek each have their own unique
style of movement). A core set of base parameters are provided. These parameters can
be used in combination to create complex and unique movement styles.

Creation of a walk style primarily involves the rhythmic relationships between
parts of the actor’s movement. Aspects of walking, such as turning, stopping/starting,
etc can be simulated based on the body proportions/mass and the rhythm of the
movement. Once a walk style has been created, procedural actors can automatically
walk along any path, terrain (even moving terrain), start/stop, stand/sit, walk up/down
stairs, etc. without anything more than these procedural movement assets. The assets
created with the Movement Coach are core building blocks used in the other modules
described below.
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3.2 Walking Machine / Blocking Machine

Utilizing procedural movement assets and an arbitrary path (over arbitrary terrain),
the Walking Machine synthesizes appropriate foot placement and body movement
along that path. Because of the nature of the Procedural Movement Assets, the walk
styles may be blended over time producing emotive transformations. For example, an
actor may be directed to change their style from happy to sad as they walk across the
room (for example coinciding with another actor telling them bad/sad news).

o) | P i

Fig. 4. Path Planning
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Fig. 6. The Blocking Coach/Engine as a Maya Plug-In
The Blocking Machine is situated above the Walking Machine allowing the user (or

game Al) to set up waypoints for one or more characters in a scene to hit as they per-
form. Using Procedural Movement Assets, the Path Planner will find an appropriate
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path given the obstacles in the scene. The Walking Machine takes on the responsibil-
ity of correctly placing the feet, moving the head, hips and shoulders, and correcting
for arm swing, etc., all while maintaining the designated emotional movement style
and cadence of the actor. While the Blocking Machine choreographs the timing and
blocking of the scene, the Walking Machine guarantees correct physicality of the
performance. Depending on the goals presented to the Blocking Machine, it will
achieve them while maintaining sight lines based on the heights of the obstacles and
gazing targets.

There are many types of ‘emotional dials’ that can control the emotive movement
of the actor. For example the user could 'turn up or down how tired, sad, happy, arro-
gant, wounded/limping (and in combinations) a character is. These emotional dials
can be curves over time changing as the character moves through the scene.

To encourage the creation of procedural assets as well as experimentation with au-
thoring procedural animation scenes, we have wrapped the Blocking Machine in both
a Maya Plug-in and 3DS Max Plug-In.

3.3 Gesture Coach

The Gesture Coach is used to train a digital actor about the basic hand and facial
gestures by creating/editing Procedural Gesture Assets. These gestural assets may
represent such actions as pointing, hand waving, chin stroking, leers, smirks, etc.

Unlike with blended animation techniques, these gestures can shaded by other di-
rectable properties of the actor’s movement. Because of the nature of Procedural
Gesture Assets, they can be sharpened/lessened (intensity), made wider or tighter
(expansiveness), and directed towards a fixed of moving target. Additionally they can
be used in any combinations, for example a wide arm swing gesture can be used along
with a sharp dismissive hand gesture creating a complex hand effect.

3.4 Acting Coach

The Acting Coach is where emotive training occurs. While Movement and Gesture
Assets are lower level assets, defining the vocabulary of movements that are available
to a procedural actor, the Acting Couch is used to creating/editing Procedural Emo-
tion Assets.

With the Acting Coach the user defines emotive styles by combining the lower
level gestures. For the training of a particular actors way of conveying "nervous"
would entail certain movement styles and certain gesture combinations that are avail-
able to the actor for this emotive state. The actor will chose from the vocabulary of
gestures to perform either in a somewhat random manner or based on queues and
triggers. Emotional Assets can be thought of as weighted chords of notes of Move-
ment/Gestural assets.

High level Emotional Assets allow for complex character animation with simple
direction rather than animation. The director, either interactively in a desktop applica-
tion or controlled by a game Al, has access to a many types of ‘emotional dials’ that
they might choose to use, for example the director can turn up or down how tired, sad,
happy or arrogant (or combinations) a character is. Similarly the director can control
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the level and type of emotional relationships in a scene between the characters such as
their respective mutual interested, fear or sexual tension. Of course these emotive
moods and relationships will change over time in a scene to reflect the ‘inner
thoughts’ of the characters. These directions would affect the body language, glanc-
ing, hand gestures, facial expressions or other appropriate ‘natural’ expressions of the
direction. How the character expresses these emotions are based on how the digital
actor was trained to act. Unlike blended animation, all motion is procedurally gener-
ated, so the performance need not convey the ‘sameness’ of motion that is endemic to
linear animation-based techniques often used in current games and virtual worlds.
Too much sameness in a character’s movements can break the audience’s belief that
the character is ‘alive’.

These Procedural Emotion Assets are used along with blocking information and
character relationships by the Actor Machine Core Engine to produce believable char-
acters as they move through a scene while expressing emotional and relational shifts.
Directors can plan performances based on the emotional curve that occurs during a
scene. For example, a scene might contain two characters, one of whom is becoming
progressively more attracted to the other. Authoring tools and engines based on pro-
cedural animation techniques can allow the virtual actors to automatically convey
such shifts (drawing on the “coaching” that has already been incorporated into them),
thereby enabling a director to simply draw emotional curves describing the evolving
emotional states/relationships of the characters over time.

3.5 The Proceduralizer

Through our research we were able synthesize Procedural Assets by analyzing Mo-
tion Capture and/or Hand animation to obtain high-fidelity procedurally synthesized
animation. We have implemented this in a tool we refer to as the Proceduralizer. For
many animation studios and game development companies, it is critical to provide a
path that allows them to capitalize on their existing database of linear animations by
transforming those assets into procedural assets.

Movement Coacl™ Acting Coach™

Movement Gesture

Procedural Asset Creation : Acting

Fig. 7. Converting Hand/Mocap Data into Procedural Data

The Proceduralizer can, for example, transform a single walk cycle of data into a
Procedural Movement Asset. This could then be used with the Blocking Machine to
generate walking along any path. The animation produced retains the fidelity of move-
ment from that single (Mocap or Hand Animated) cycle and be able to apply it to
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arbitrary movement throughout the scene including starting/stopping, turning, walking
on uneven terrain, and up/down stairs.

4 Conclusion

We have described the high level architecture of an approach to procedural animation
that allows digital actors to perform in real-time while conveying directable nuances
of emotion and intention. Given the limitations of space, our aim for this paper was
not to convey the low level details of this system, but rather the philosophy we have
taken to the design of the system, and high level relationships between its software
components. Our hope is that the availability of systems incorporating such proce-
dural approaches to digital actor movement will drive the movement of real-time
digital actors away from mere blending of pre-existing animations, and toward true
directed performance.
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