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Preface

The CAPTECH'98 workshop took place at the University of Geneva on November
26–27, 1998, sponsored by FIP Working Group 5.10 (Computer Graphics and Virtual
Worlds) and the Suisse Romande regional doctoral seminar in computer science. The
subject of the conference was ongoing research in data capture and interpretation.
The goals of capturing real-world data in order to perceive, understand, and interpret
them and then reacting to them in a suitable way are currently important research
problems.  These data can be very diverse: sounds, emotions, shapes, motions, forces,
muscles, actions, etc.  Once captured, they have to be treated either to make the
invisible visible, or to understand a particular phenomenon so as to formulate an
appropriate reaction, or to integrate various information in a new multimedia format.
The conference included six sessions of presented papers and three panel discussions.
Invited speakers treating various aspects of the topic were: Professor R. Earnshaw
from Bradford University, Professor T. L. Kunii from Hosei University, and Professor
P. Robert from EPFL.  Professor K. Bauknecht, of the University of Zürich, President
of IFIP, offered the welcoming address.  Mr. E. Badique, project officer for the EU in
Brussels, discussed recent results of the EU ACTS research program. Finally, the
Geneva Computer Animation '98 Film Festival highlighted the evening of November
26.

October 1998          Nadia Magnenat-Thalmann
                         Daniel Thalmann
                            Conference and
                      Program Co-Chairs
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Motion Analysis in Clinical Practice Using Ambulatory
Accelerometry
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Abstract. A new system, Physilog, for ambulatory monitoring of movement is proposed and
its applications in orthopaedic, physiology, angiology and quality of life are presented. Body
accelerations were recorded by a portable measuring device. Significant parameters of body
motion, namely, movement coordination, temporal parameters, speed, incline, distance covered,
kind of physical activity and its duration, are extracted from the subject accelerations in its daily
environment. The accuracy of these parameters guarantees the reliability of accelerometry in
clinical application.

1 Introduction

Accelerometry consists of measuring the body segmental kinematics using
accelerometers. In these recent years, technical progress made it possible to realise
miniature acceleration sensors with integrated conditioning and calibration module. In
addition due to very low consumption, these accelerometers can be supplied by
battery and lends themselves a promising tool for long term ambulatory monitoring
[1]. In contrast to classical motion analysis such as image-based system [2],
ambulatory accelerometry allows to detect body movement outside the laboratory and
in the daily environment of the subject.

Theoretically, to describe the three-dimensional motion of each body segment, six
accelerometers should be used [3], [4]. However due to the non linear relation
between the linear and angular kinematics variables, and the influence of the
gravitational acceleration component, multiple accelerometers (up to 12) attached to a
single segment have been used to resolve its complete kinematics [5], [6]. This leads
to a high number of sensors for whole body motion analysis. In addition, angular and
linear displacement estimation using double integration of accelerations is often
perturbed by the drift and movement artefact belonging to the acceleration signals and
requires knowledge of the initial conditions [7].

In clinical practice, using a high number of sensors attachment sites, which increase
also the number of  connecting tools (such as cable and connector), is a disturbing
factor which can modify patient's natural movements. However, in many clinical
studies, the physician do not need a complete kinematics of motion, but rather some
particular features of the movement. In these situations, the number of sensors and
their sites of attachment can be optimised in order to resolve a defined problem. For
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example, in physical activity monitoring, where we are interested to know the type
and duration of each posture, two accelerometers and a relatively simple identification
algorithm are sufficient, while in orthopaedic, up to 7 accelerometers with an artificial
neural network model are used to assess the coordination of movement.

In this paper a new ambulatory movement monitoring system, Physilog (BioAGM,
CH), is proposed and its application in orthopaedic, physiology, angiology and quality
of life are presented. All these applications have in common that body motion were
recorded using a set of accelerometers. Whatever the sensors configuration (number,
site of attachment, single or multi axis), the data processing and analysing can differ
from one application to the other.

2 Measuring Device

Human movements were detected by miniature body fixed sensors. Piezoresistive
accelerometers which have the advantage of being accurate, miniature, solid-state,
inexpensive and relatively wide frequency range (0-350Hz) were used [8], [9].
Movements were measured in one or three dimensions using one or three
accelerometers mounted in orthogonal direction supported on a miniature cube. Single
and three axis accelerometers were fixed on the body through a belt around the trunk
or directly attached on the skin using medical tape and supports. A digital portable
recorder, the size of a Walkman, digitised, filtered, amplified and saved the
acceleration signals on solid state memory cards. At the end of the recordings the data
were transferred to a Personal Computer and the acceleration data were calibrated,
analysed and the motion parameters estimated.

 (a) (b)

 Fig. 1. Block diagram (a) and different components(b) of the measuring system.

Fig.1 show the block diagram of the measuring device. Up to 8 input channels with
12 bits resolution (0-5V) can be recorded on memory card which can reach up to
16Mbytes. The sampling rate can be fixed for each application from 0.001 Hz to
1500Hz. The batteries are rechargeable and allow from few hours to several days of
operation depending on application.
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3 Clinical Applications

3.1 Orthopaedic: Gait Coordination

Osteoarthritis is the most frequent joint pathology throughout the world. Thanks to the
continuing development of joint arthroplasties, physical therapy and psychosocial
support, it is now possible to restore the patients' near normal quality of life.
Obtaining objective, dynamic and quantified data allowing the evaluation of the
outcome of patients before and after hip arthroplasty is crucial. The most common
means used for this evaluation are based on scores derived from questionnaires.
Although the questions on such a scale are standardized, the answers are often
subjective and the discrepancy between patient and physician's evaluation is
significant [10], [11] , [12].

Walking is a multisegmental movement, which involve coordinated motor
commands [13]. A new method for gait coordination analysis is proposed [14], [15].
Trunk and lower limbs accelerations during walking were recorded. The cross
correlation functions of these accelerations were used to assess multisegmental
coordination during walking. A set of significant parameters of cross correlation
function was extracted. These parameters constitute the input of a neural network
classifier [16] which provides a score for each walking.

 Fig. 2. Coordination score obtained for a patient with left coxarthrosis.

The coordination score of patients after hip arthroplasty was determined using this
technique. The scores were then normalized from 0 (bad) to 10 (excellent). Fig. 2
shows the coordination improvement profile of a patient obtained before and after
operation, compared to the scores of normal population. Coordination scores were
then compared to two standard questionnaire scores completed by each patient [17]. In
comparison with the questionnaire scores the coordination score is more severe with
higher variability over patients and has a better accordance with the physician
appreciation. In order to improve the functional score, the coordination score can be
combined with temporal gait parameters presented in the next paragraph.

 Preop

  +9 months

Coordination 10
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3.2 Orthopaedic: Temporal Gait Analysis

Walking is a cyclic movement. There are two main phases in the gait cycle [18]:
during stance phase, the foot is on the ground, whereas in swing phase the same foot is
no longer in contact with the ground. The stance phase is subdivided into three
separate periods: first double support (both feet are in contact with the ground), single
limb stance (one foot is swinging through while the other's is on the ground) and
second double support (both feet are again on the ground). The time  span of each
phase of gait cycle are known as temporal parameters. Evaluation of temporal
parameters during walking is a helpful means not only to assess some aspects of
pathological walk among osteoarthritic patients but also to quantify their subsequent
improvement after hip or knee arthroplasty [19], [20].

Signals from two accelerometers, fastened to lower limbs, were recorded during
walking. Using an original method, the temporal parameters were computed [21].
Comparison between these results and those obtained by help of pressure sensors put
under the sole for six healthy and four arthritic subjects has validated the proposed
method. A good agreement of order of 4% was found.

Fig. 3. Left and right double support (LDS and RDS) averaged over 7 patients with left
coxarthrosis(a) and 5 patients with right coxarthrosis(b), compared to the corresponding normal
values (grey lines around 10%).

The method was applied to data obtained from 12 hip osteoarthritic patients
measured before and after operation – at three, six and nine months. A significant
discrepancy between duration of left and right double limb support, depending on
affected hip, was observed (fig.3). The contrast with their almost equal values for a
population of normal subjects is paramount.

This result underlines that the weight transfer phase is the most demanding task
during a gait cycle and certainly a painful one for patients. Furthermore a tendency
toward normality was also observed after arthroplasty (fig.4).
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Fig. 4. Left and right double support (LDS and RDS) for 12 patients with coxarthrosis
compared to their values for normal population.

3.3 Sport Performances

Walking and running are the most common physical activity of daily life. An accurate
estimation of these two activities is fundamental in different fields such as sport
performances, physical activity improvement, jogging and energy expenditure
estimation.

Trunk and right ankle accelerations during walking and running were recorded
[22], [23], [24], [25], [26]. The acceleration measured at the right ankle allowed the
identification of heel strike in each cycle. The gait cycle (2 steps) was computed as the
time between two heel strikes. For each cycle, a set of parameters exhibiting an
appreciable correlation with speed and incline had been chosen to form the pattern of
walking and running. Two Artificial neural Networks (ANN) were designed to
recognise each pattern and to estimate the speed and incline of walking and running.
Each subject performed a treadmill walking (resp. running) of 15 minutes
("calibration") before his self paced walking (resp. running) outdoor. The ANNs were
first trained by known patterns of treadmill walking. Then, the inclines, the speeds and
the distance covered during walking and running in free-living conditions were
estimated (fig.5). The results show a good estimation of these variables, since the
incline and the speed error are respectively less than 2.8% and 6% (fig.6.a and 6.b).
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Fig. 5. Block diagram of the incline and the speed estimation. af, av, al are resp. the forward,
vertical and lateral acceleration of the trunk, aa is the forward acceleration of the right ankle. hs

correspond to the heel strike.

3.4 Physiology

Quantifying the energy expenditure of physical activity in daily life is a complex task
in physiology. Different methods such as self-report questionnaire, heart rate
monitoring and oxygen uptake measurement, are used in this purpose [27], [28].
These methods are often not accurate or/and not adapted for ambulatory monitoring.
The energy expenditure of walking (EE) depends principally on the subject's weight,
the speed and the incline of ground [29]. In this study, speed and incline were found
using the above method (fig.5). The values of EE were assessed using indirect
calorimetry [30]. Each subject underwent 22 measurement periods, each lasting 5
minutes, which was sufficient to obtain steady state calorimetric values. The first
period corresponded to metabolism in the upright stationary position. Subsequently,
the subject walked on treadmill in level and at three inclines in uphill (resp. downhill).
Each subject walked at three different speeds for each incline. During the
measurements, the subjects breathed only through their mouth via a tube and the air
circulating in the tube was constantly analysed. Oxygen consumption and CO2
production were determined every 15 seconds by an acquisition system. The EE was
calculated from these results and over the two last minutes of each measurement
period when oxygen consumption had reached a steady state. Polynomial multiple
regression analysis was used to determine the relationship between EE versus speed
and incline, and its validity was tested on 12 subjects.

The calibrated data obtained from accelerometry and calorimetry on the treadmill
were used, respectively to train the ANN – in order to compute the speed and incline
and to calibrate the energy expenditure model. During the prediction, the subject
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speed[km/h]

peak
detector

parametrisation
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walked on an outdoor circuit for an unspecified distance. The speed, incline and the
energy expenditure were then determined from the acceleration data on the one hand
and from the information provided by the calibration on the other.

The energy expenditure estimated from the acceleration is compared to that
obtained from calorimetry, correlation of 0.97 with a coefficient of variation of 5% are
found. Fig.6.c shows a typical estimation of energy expenditure of a subject walking
without constrains on an outdoor circuit.

Fig. 6. Speed (s),  incline (i) and energy expenditure EEacc obtained by accelerometry, during 43
minutes of outdoor walking.

3.5 Quality of Life

Daily physical activity (or the restriction of it) is a determining factor in the quality of
life. To date, this variable has only rarely been evaluated objectively and in most cases
unsatisfactorily or imprecisely.  However, a credible measurement of physical activity
in everyday life would represent a decisive clinical element in the assessment of the
utility of numerous symptomatic treatments [31], [32].

The chest and thigh accelerations, during daily physical activities, were recorded by
Physilog. An algorithm was developed to classify the main activities: lying, sitting,
standing, locomotion (dynamic). The results compared to video observation show an
overall misclassification of 10.7%, which is mainly due to the confusion between
dynamic and standing while the misclassification between postures is negligible. Fig.7
show typical physical activity estimation obtained from accelerometry and compared
to video observation.
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Using this feature, accelerometry is a promising tool for long term mobility
monitoring in clinical application, particularly in chronic-pain, cardiac disease,
spasticity, Parkinson's disease and their therapeutic evaluation.

Fig. 7. Histogram of activities obtained by accelerometry and video (italic), during one hour:
Dynamic (Dy), Sitting (Si), Standing (St), Lying (Ly) and others (Ot).

3.6 Angiology

The physiopathology of the intermittent claudication, based on post stress ischemia, is
very complex and not completely understood. The clinical studies regarding
arteriopathy of the lower limbs use, as an evaluation parameter of the severity of the
illness, the painless and maximal walking distances determined on a treadmill.
However, for these patients, walking on a treadmill is different to overground walking
particularly because of the lack of training and the help provided by the handle bar of
the treadmill. In addition the test has to be carried out inside the laboratory and it
cannot be performed by all the patients [33], [34].

Walking distance in patients suffering from arterial insufficiency was measured
with Physilog. Measurement was carried out on 10 patients who had intermittent
claudication. Each patient performed 2 tests before and after a period of medication.
Each test consisted of 2 walking trials. The first one was used to calibrate (trained) the
ANN for speed estimation (fig.5). During the second phase, the patient walked at his
desired speed on the metered walkway and the painless and maximum distance of
walking were measured manually. The trunk and ankle accelerations were recorded
simultaneously and the walking distance was computed from the values of speed
estimated from ANN. Fig.8 shows a good agreement (r=0.99) between walking
distance measured by Physilog (D

ph
) and walking distance measured manually (D

mn
),

for all the tests. A mean error of 2.1% was found.
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Fig. 8. Walking distance measured by Physilog (Dph), compared to walking distance measured
manually (Dmn).

4 Conclusion

The purpose of these studies was to show the possibility offered by accelerometry to
measure and analyse body movements. The accelerometry appears to be the
ambulatory means which is best accepted by the patients for long-term motion
monitoring. Through different clinical applications, the possibilities to obtain
significant parameters of motion are outlined. Significant parameters of body motion,
namely, movement coordination, temporal parameters, speed, incline, covered
distance, kind of physical activity and its duration, are extracted from the subject
accelerations in its daily environment. The accuracy which is obtained for these
parameters guarantees a reliability of accelerometry in clinical application. Completed
by other motion and physiological sensors, this technique can be extended to other
medical fields where the body motion is affected by the pathology suffered by
patients. The monitoring of abnormal movements in neurological diseases (such as
Parkinson), the improvement of the quality of life either after a surgery or by a
specified medication or else by rehabilitation programs, are such examples. This
extension, carried out in a large scale in clinical investigations, will allow
improvement in accelerometry performances and validate the results on large
population. However, it is very important to seek new techniques of the acceleration
signal processing in order to extract significant parameters related to each specified
pathology.
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Abstract. In this paper, we present a method for robustly extracting
the silhouette form of the participant within an interactive environment.
The approach overcomes the inherent problems associated with tradi-
tional chroma-keying, background subtraction, and rear-light projection
methods. We employ a specialized infrared system while not making the
underlying technology apparent to those interacting within the environ-
ment. The design also enables multiple video projection screens to be
placed around the user. As an example use of this technology, we present
an interactive virtual aerobics system. Our current implementation is a
portable system which can act as a re-usable infrastructure for many
interactive projects.

1 Introduction

When designing interactive environments, it’s imperative for the system to be en-
gaging as well as be reliably “aware” of the person (or people) interacting within
the space. Many installations are designed with a single large video display, which
is the main focus of attention for the user [14,11,13,3]. As for sensing the person
in the space, some installations use specialized light, lasers, electromagnetics,
or electric field sensing to detect bodies, hands, or objects [14,11,13,8]. Other
approaches use similar variants of chroma-keying (i.e. blue-screening) [3], back-
ground subtraction [15,7], or rear-light projection [9] to enable a video camera
to extract a silhouette the person, where the person may or may not be required
to wear special clothing. We are interested in the latter approaches where a
full-body silhouette is visually extracted from the participant; properties of the
silhouette such as position, shape, and motion are then used as input for driving
the interaction.

The main problem with the current technology for extracting the silhouette
is that it relies primarily on the color components of the video signal to perform
the extraction. For example, chroma-keying methods require the person stand
in front of a background consisting of a uniform-colored wall or screen. The sys-
tem examines the incoming video signal for the background color of the wall.
As long as the person doesn’t have that background color on their clothing,
the system can extract the person from the video by detecting and removing
all the background color in the image. This type of system, commonly used by
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meteorologists in TV studios, restricts the user not to have the color of the
background anywhere on his/her clothing. If the space is to be used as an inter-
active environment, the color-based methods as well as the rear-light approach
are perceptually obtrusive distracting the user from the interactive experience.
Immersion is a strong requirement when building interactive environments [10],
and part of this illusion may be broken if such walls are incorporated.

One slight variant of the chroma-keying method is commonly referred to as
background subtraction (as used in [3,7,15]). A snapshot of the environment
containing no people is stored as a reference image. Frames of incoming video
imagery are compared with the reference image. Anything that differs, at a pixel-
wise level, is assumed to belong to an object (e.g. a person) in the environment.
Using the snapshot allows a more natural scene, rather than just a colored or
rear-light wall, to be the background. Now however, the colors on the person
still need to be different everywhere than those of the wall and/or objects be-
hind them. Furthermore, the lighting in the environment must remain relatively
constant, even as the person moves about. When these constraints hold, the
system works quite well. But if regions of the environment look similar to the
person (e.g. a white patch of wall behind a person wearing a white shirt), or
if inter-reflection from the person’s clothing onto the background is significant,
then the person extraction will have either holes or false appendages, respec-
tively. To overcome these problems, a strong model of the body would seem to
be required.

In this paper we present a method to overcome the inherent problems as-
sociated with the above methods, while opening a new venue for multi-screen
interaction. We begin by presenting our design specification for the proposed
environment (Sect. 2). Next, we briefly present a virtual aerobics application
which uses the proposed environment (Sect. 3), and lastly conclude with a brief
summary of the framework (Sect. 4).

2 Design Specification

We divide the specification of the system into three main components. First,
the environment itself is examined. We next present how specialized non-visible
lighting can be used to enable robust sensing of the participant. Lastly, simple
image processing techniques are shown for extracting the silhouette from the
video stream.

2.1 The Environment

The prototype environment for showing the utility of the approach consists of
two large video projection screens, with one behind and one in front of the
user (see Fig. 1). The primary interaction screen is the frontal video display,
though video or graphics can be displayed on both screens, enabling virtual
objects or interactions on either of these displays. The use of back-projected
video screens is necessary (at least for the back wall) for the method which
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extracts the silhouette of the user in the space (to be discussed). We employ
collapsible “snap-on” screens that allow the system to be easily transported to
different locations, unlike systems that use large projection TVs.

(a) (b)

(c)

Fig. 1. Dual-screen environment. The environment consists of two video pro-
jection screens, with one in front of and one behind the user. (a) View from
the outside the rear. (b) View from outside the front. (c) View from behind the
environment showing the infrared emitters aimed at the rear screen.

Behind the user is a 10x8 foot back-projection screen used as the back wall.
In front of the user is an 5x4 foot back-projection screen, which is elevated 3 feet
off the floor (using two support legs), resembling a large-screen TV. (Later we
explain why an elevated smaller screen is used as the front screen instead of a
full-sized screen.) The distance between these two screens is 10 feet, large enough
not to crowd the user in the space between the screens. Also, the resolution of
the projected video on the front screen dictates this pleasing viewing distance.

2.2 Infrared Lighting

To allow the reliable extraction of the frontal silhouette of the user with a “live”
video screen behind him/her, we direct invisible infrared light (using 6 consumer
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840nm IR emitters) through the large back-projected screen behind the user (see
Fig. 1(c)). These emitters are positioned such that the IR light is distributed
across the back screen. By using an infrared-pass/visible-block filter tuned to
this wavelength of infrared light, we can then restrict an inexpensive black-and-
white video camera1 placed well in front of the user to see only this infrared light.
A person standing in front of the rear screen physically blocks the infrared light
diffused through the screen, causing a video camera placed in front of the user
to see a bright image with a black silhouette of the person. To get the most flat,
frontal view of the person, the camera needs to reside approximately hip-level
to the user2. Because the camera cannot sit behind the front screen (with the
screen blocking the view, and the camera causing shadows on the screen from the
projector light) or in front of the screen (such a visible sensor reduces the sense
of immersion), we attached the camera to the bottom of an elevated front screen
(3 feet off the ground). The elevated front screen resembles a large-screen TV at
eye-level in the space and provides an adequate “virtual window” for interactive
applications.

One advantage of using infrared light is that many video projectors emit
very little infrared light or can be outfitted to do so with infrared-block filters.
Therefore, we can project any video or graphics we wish onto the two projection
screens without any concern of the effects on the silhouette extraction process.
Also, standard fluorescent room lighting does not emit much infrared light and
thus can be used to illuminate the environment without interfering with the
infrared system. Our current system uses 5 inexpensive fluorescent spot lights,
which are attached to the top of the screens.

This silhouetting process is illustrated in Fig. 2. Figure 2(a) shows a standard
camera view of someone standing in front of the back-wall projection screen with
graphics displayed. In Fig. 2(b), we see the same scene from the camera but now
with infrared light being shown from behind the screen using the 6 infrared light
emitters3. By placing an infrared-pass/visible-block filter over the video camera
lens, a brightly lit screen (with no graphics visible) and a clean silhouette of the
user is seen, as shown in Fig. 2(c). The IR light is not visible to the human visual
system and thus one sees only video projected on the display screen (as shown
in Fig. 2(a)).

This method overcomes the color dependencies associated with chroma-keying
approaches because it is based on the blocking (or eclipsing) of specialized light
(see Fig. 3) rather than the color differences between the person and background.
In our system, the person is always able to wear arbitrarily colored clothing.
1 Many video cameras have an infrared-block filter which limits the use of this process.

One may need to remove this filter, or use a camera without this filter installed. We
used a Sony SSC-M370 black and white camera which passes much of the IR light.

2 If the camera were placed above a screen or on the floor, the silhouette would be a
bit more distorted from perspective effects. Also, the rear screen through which the
infrared light passes is only slightly diffusive, and thus an off-center video camera
would not register fully the light coming from the multiple infrared emitters spaced
behind the screen.

3 The camera has no infrared-blocking filter and is thus sensitive to infrared light.
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Furthermore, chroma-key and background subtraction systems require careful
control of environment lighting, whereas the IR system is insensitive to arbi-
trary visible light. In comparison to systems that use bright rear-lighting, this
system is similar but hides the technology from the participant by using the non-
visible part of the light spectrum. The method also permits the display of video

(a) (b)

(c)

Fig. 2. Infrared light. (a) An image of the person in front of a video projection
screen in the environment. (b) The same as shown in (a), but with infrared light
directed through the screen. (c) The same image, but now filtered through an
infrared-pass/visible-block filter. The image in (c) no longer shows the video
projected on the screen, and the person now appears as a silhouette. To the
naked eye, the version shown in (b) would appear as (a).

graphics behind the user, unlike the rear-lighting systems. Because the subject
is rear-lit with the camera in front, any the reflection or absorption of the IR
light occurs toward the rear screen, away from the camera. Therefore any hair,
clothing, and material on the person that may cause reflective problems do not
influence the imaging system.

We note that this system could be employed to the meteorologist scenario
in the TV studios. Currently, a blue-screen (or green-screen) method is used to
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extract the meteorologist and place his/her image into a high-resolution weath-
ermap. The meteorologist must look off-camera to a remote monitor to view the
resultant composite and see if his/her hand is over the correct region. With our
approach, it is possible to accomplish the same composite result, but now have
the added benefit of projecting the actual weathermap onto the back wall to
help the meteorologist.

silhouette
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a

IR light

IR light

IR 
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video
projector

screenscreen

video
projector

user

Fig. 3. Conceptual drawing of blocking (eclipsing) infrared light from the camera
to generate a silhouette of the person.

It is also possible to have another camera and side-screen with its own infrared
emitters to recover an additional silhouette of the user as viewed from the side
(see Fig. 4). Additional information (e.g. three-dimensional information) of the
person could be attained using the two silhouettes (one from the front and one
from the side). The side-screen infrared camera/emitters would need to be tuned
at a different wavelength, modulation, or synchronization than the back screen
camera/emitters as not to interfere with each other.

2.3 Image Processing

The advantage of creating a robust silhouette image of the person using the
above lighting approach is that we can use simple image processing methods
to easily and quickly (in real-time) extract the silhouette from the digitized
video. We could use a simple thresholding of the image to find the silhouette,
but the emitters are not widely diffused by the projection screen and there
are varying degrees of brightness (i.e. the IR light is not uniformly distributed
across the screen as shown in Fig. 5(a)). Instead, we chose to follow the common
background subtraction methodology [3,15,7], where first a reference picture is
taken without a person in front of the screen (see Fig. 5(a)). Then for any new
image containing the person (see Fig. 5(b)), all the pixels in the screen area
are compared between the reference image and this new image, where a pixel
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Fig. 4. Multiple screen environment using two independent IR emissions.

is marked as belonging to the person if the difference between the reference
and current image at that pixel is above some threshold (see Fig. 5(c)). Due to
imaging noise and digitizing resolution (in our case, 160x120), spurious pixels
may be set and small thin body regions may end up disconnected from the rest
of the body. We can apply simple image morphology (dilation) to the difference
image to re-connect any small regions which may have become disjoint, and then
perform simple region growing to find the largest region(s) in the image [6] (see
Fig. 5(d)). This retains only the person while removing the noise. The result is
a slightly fuller silhouette of the person, which can be further examined using
computer vision algorithms for measuring the location, posture, and motion of
the person to drive the interaction.

3 Virtual Aerobics

In this section we discuss the design and implementation of a virtual Personal
Aerobics Trainer (PAT) employing the above IR silhouetting environment4. The
aerobics application demonstrates the usefulness and capability of the IR silhou-
etting approach.

4 An extended description of the virtual aerobics system can be found in [5].
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(a) (b)

(c) (d)

Fig. 5. Image processing. (a) Reference image. (b) Input image. (c) Binarized
difference image. (d) Image morphology and region growing result.

The PAT system creates a personalized aerobics session for the user and
displays the resulting instruction on a large front screen (or TV monitor). Here
the user can choose which moves (and for how long), which music, and which
instructor are desired for the workout. The session created by the user is then
automatically generated and begins when the user enters the area in front of the
screen (see Fig. 6).

The user periodically receives audio-visual feedback from the virtual instruc-
tor on his/her performance. To accomplish this, we use the silhouette form ex-
tracted by the IR system and use real-time computer vision techniques to rec-
ognize the aerobic movements of the user from the silhouette. Based upon the
output of the vision system, the virtual instructor then responds accordingly
(e.g “good job!” if the vision system recognizes that the user is performing the
aerobic move correctly, or “follow me!” if the user is not performing the move
correctly). When performing large-scale aerobic exercise movements, having a
wireless interface (e.g. no wired body-suit) enables the experience to be more
natural and desirable [2,15,12].
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Fig. 6. Virtual PAT. A virtual personal aerobics trainer. Photo credit: Webb
Chappell. Copyright: Webb Chappell 1998.

The underlying motivation for building the virtual aerobics system is that
many forms of media that pretend to be interactive are in fact deaf, dumb, and
blind. For example, many of the aerobics workout videos that one can buy or
rent present an instructor that blindly expels verbal re-enforcements (e.g. “very
good!”) whether or not a person is doing the moves (or even is in the room!).
There would be a substantial improvement if the room just knew whether or
not a person was there moving in front of the screen. A feeling of awareness
would then be associated with the system. And because of the repetitiveness of
watching the same exercise videos, this “programmable” system heightens the
interest of the user by allowing the design of specialized workouts (e.g. exercising
only the upper body).

3.1 System Design

The PAT system is a modular design of media and vision components. All
software5 was written in C++ and run on SGI R10000 O2 computer systems
(though we believe all the components could be placed within a much lower-end
hardware setup). The output video of the system is sent to the frontal screen, as
shown in Fig. 6, showing the instructor performing the moves. The feedback is
routed through the audio channel. The music is currently in the form of MIDI
files.
5 All media components were developed using SGI’s Digital Media utilities/libraries.
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Fig. 7. Video output of virtual instructor (an Army Drill Sergeant).

Currently, a set of movie clips, showing a full view of the instructor, is used
(see Fig. 7). In each clip (for each move), the instructor performs a single cycle
of the move. This clip is looped for the duration of the time devoted for that
move6.

Each time a new aerobic move begins, a brief statement about the new move is
given. For some moves, the comment may give the name of the move (e.g. “It’s
time for some jumping jacks”) or for other moves explain their purpose (e.g.
“This move is going to work the shoulders”). As for the feedback to the user,
the system contains many positive comments (e.g. “good job!”, “fantastic!”) and
many negative feedback comments (e.g. “get moving!”, “concentrate!”). When-
ever the system decides it is time for a feedback comment7, it randomly picks
and outputs a comment from the appropriate category. This way, one does not
always here the same comment many times in a row or hear the same ordering
of comments. There is an opportunity here to record very expressive comments
for the system, which increases the entertainment value of the system as well as
its usefulness.

6 The speed of the current movie clip can be altered to be in synchronization with the
MIDI music currently being played.

7 The system checks every movement cycle to see if the user is complying. A nega-
tive comment is given immediately (every cycle) until the user performs the move
correctly. If the user is performing the move, a positive comment is given at prede-
termined intervals (e.g. every few cycles or every few seconds).
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Because the current version of the system uses real video clips it would be
tedious to record all possible feedbacks during all possible moves. Therefore, the
audio is decoupled from the video (e.g. the lips of the instructor do not move,
as if speaking the lines). One could consider using a computer graphics model of
the instructor. Here, the correct state of the instructor (e.g. doing jumping jacks
while complementing the user) could be controlled and rendered at run-time. It
might be fun to have virtual cartoonish-like characters as the instructors. Each
character could have their own “attitude” and behavior [1], which would possibly
increase the entertainment value of the system. But in this system, we chose to
use stored movie and audio clips for simplicity.

3.2 Scripting

Since most instructional systems employ some underlying notion of event or-
dering, we can use this to allow the user to create and structure a personalized
session. The system was designed so that each session is guided from a script
which controls the flow of the session (as in [12]). Included in the script are the
names for the workout moves, the time allotted for each move, the choice of mu-
sic for the workout, and lastly the instructor to run the session. This allows the
user to easily choose their own tailored workout. While we currently use only
one instructor (a brash Army Drill Sergeant), the system is designed to have
multiple instructors from which to choose. The program is instantly available
upon instantiation of the system with a script, and is not generated off-line (not
compiled). The system loads the script and initiates the program when the user
enters the space. Currently the script is modified in a text editor, but its simple
form would make the construction of a GUI script selector trivial.

3.3 Controller

A simple state-based controller was developed to run the workout script and
act as a central node connecting the various modules. The controller consists of
7 states: Pause, Startup, Introduction, Workout, Closing, Shutdown, and Pre-
Closing. The system begins in Pause mode, where it resides until a person enters
the space. Then begins the Startup mode which opens windows and performs
some system preparation. Next is the Introduction state, where a welcome and
introduction is given by the instructor. After the brief introduction, the system
loops in the Workout state (a loop for each move in the session) until all moves
are completed. Then a Closing mode gives the final goodbye comments, followed
by the Shutdown mode where the display is turned off and then system cleanup
is initiated. There is an additional PreClosing state which is entered if the user
prematurely leaves the space. Here, the instructor realizes the user is no longer
there, and then starts a pause or shutdown of the system (the program will not
continue if no one is there to participate). As previously stated, no hardcod-
ing of media events is necessary, which makes this controller design much less
complicated and easy to develop.
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3.4 Recognizing Aerobic Movements with Computer Vision

Real-time computer vision techniques developed by the authors were used to
“watch” the user and determine if he/she is performing the same move as the
instructor.

The first task of the vision system is to monitor the area and make sure
someone is actually present in the space. This is easily accomplished by looking
for the presence of the person’s silhouette generated by the IR system. The
PAT system then starts-up when a person enters the space. Also, if the person
prematurely leaves the area during the workout session, the system recognizes
that the person has left and correspondingly shuts-down or pauses the session.

Recently, we have developed computer vision methods which show promis-
ing results in recognizing such large-scale aerobic exercise movements [4]. That
work constructs temporally-collapsed motion templates of the participant’s sil-
houette, and measures shape properties of that template to recognize various
aerobic exercise (and other) movements in real-time. To show an example of
such a motion template, Fig. 8 shows the templates generated from the IR
silhouettes for the movements of left-arm-raise (left-side stretch) and fan-up-
both-arms (deep-breathing exercise stretch). Training data of each of the moves
executed by several users are collected to get a measure of variation which may
be seen across different people. Statistical pattern recognition techniques are
then employed for the recognition task. This approach easily extends to multi-
ple camera views of the person. To ease in discussion here, we point the reader
to [4] for details on the algorithm.

(a) (b)

Fig. 8. Example motion templates for IR silhouettes. (a) Motion template
for left-arm-raise (left-side stretch). (b) Motion template for fan-up-both-arms
(deep-breathing exercise stretch).
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4 Summary

In this paper we presented a simple and robust method for extracting a sil-
houette of a participant, overcoming the inherent problems associated with us-
ing traditional chroma-keying, background subtraction, and rear-light projection
methods. The resulting system also makes available a new venue for multi-screen
interaction by incorporating multiple video screens without requiring any special
clothing or wired technology. We showed how a robust silhouette of the user can
be extracted using specialized infrared lighting without making the underlying
technology apparent to those interacting within the environment. To show an ex-
ample application using the system, a virtual aerobics instructor was presented.
The aerobics system applies special computer vision methods to the infrared sil-
houette to recognize the movements of the user. This then guides its interaction
with the participant. The infrared sensing framework itself is a portable system
which can act as a re-usable infrastructure for many interactive projects.
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Abstract. Identifying a precise anatomic skeleton is important in order to
ensure high quality motion capture. In this paper we discuss two skeleton fitting
techniques based on 3D optical marker data. First a local technique is proposed
based on relative marker trajectories. Then it is compared to a global
optimization of a skeleton model. Various proposals are made to handle the
skin deformation problem. Index Terms—skeleton fitting, motion capture,
optical markers

1 Introduction

As stressed in a recent production featuring many virtual humans, the most critical
element in their creation seems to be the replication of believable motion [1]. In most
productions optical motion capture is preferred due to its high precision measurement
of little reflective markers attached on some relevant body landmarks (Fig. 1a). The
movement of an artist is captured with two to eight calibrated cameras. For simple
motions the multiple views of markers allow the automatic reconstruction of their 3D
position. Once per session, a special calibration motion that highlights all the
necessary degrees of mobility allows to build or adjust a skeleton model (this motion
is further referred to as the gym motion). Then the skeleton model is used in a post-
processing phase to derive the angular trajectories of all the captured motions. Finally
animators often adjust angular data to adapt the motion to a virtual character that is
different from the artist (Fig. 1d).
Presently, the stage of automatic 3D reconstruction is often brought to a halt for
complex motions. Either some markers are obscured from camera view or the
algorithm confuses the trajectory of one marker with that of another. This requires
much manual intervention that severely reduces the productivity of the system. In the
framework of the MOCA ESPRIT project, we propose a motion capture methodology
based on an anatomic human model (Fig. 1b) [2]. This model encompasses a precise
anatomic description of the skeleton mobility [3] associated with an approximated
envelope. It has a double objective: by ensuring a high precision mechanical model
for the performer, we can predict accurately the 3D location and the visibility of
markers, thus  reducing significantly  the  human  intervention  during  the conversion
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process. In the present paper we discuss methods exploiting the gym motion to
estimate the dimensions of the artist’s skeleton.

Input motion

(a)
Human performer

wearing optical markers
(little reflective spheres)

MOCA framework

 (b)  (c)

Anatomic Envelope for
skeleton visibility assessment

Output motion

 (d)

End user virtual
character

Fig. 1. Converting the human performer’s motion (a) into the end-user character’s motion (d)
with the anatomic human body (skeleton (b) and approximated envelope (c))

In the next section we review skeleton identification approaches used in other motion
capture techniques and in related fields. Then we propose a local skeleton fitting
technique based on the relative marker trajectories. In the fourth section we develop a
global fitting that adjusts simultaneously all the parameters of the skeleton. We
conclude by reviewing our results and by making a comparison between the two
proposed techniques.

2 Skeleton Fitting Techniques in Related Fields

Besides optical markers systems, other techniques exist that are based on magnetic
trackers [5][9] or plain video sequences [4][6][8].
The main advantage of the magnetic trackers lies in the possible real-time acquisition
and the unambiguous measurement of tracked points. However, its main drawback
comes from a lower precision that is even worse when the magnetic field is perturbed
by metallic objects or other magnetic fields. Regarding skeleton identification, in [5]
it reduces to the scaling of a standard model to the size of the real human. Other
important differences are estimated by manual measurements and reflected on the
skeleton model.
The video-based motion capture techniques try to fit a human model to video
sequences. Monocular or stereo video sequences may be used. The monocular case
uses a planar projection [6] of a human body model. The parameters of the projection
can model global scaling. The technique belongs to the image processing family of
techniques and therefore the quality of the recording is strongly sensitive to noise.
Another problem in this case is an undetermined direction. These drawbacks
disappear when using stereo sequences. In [4] an arm recorded with a stereo system is
being tracked by fitting a model built out of ellipsoids to the data. This way, the
skeleton fitting is concomitant to the motion tracking. The complex body parts where
the deformation of muscles has to be modeled as well, introduces a number of
parameters that is proportional to the number of ellipsoids. The measures of the body
are modeled by parameters of the ellipsoids and they are globally adjusted over all or
selected frames of the sequence.
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Other fields also rely on a precise identification of human features. In order to create
virtual mannequins that behave exactly like the real human model for presenting
garments, the body of the client has to be measured acceptably well [7]. To perform
such measurements, two digital cameras capture frontal and side silhouette of
customers. Although such an approach is efficient to build a suitable 3D envelope of
the client, it fails to identify precisely the joint location [7].

Fig. 2. A frame containing 3D
optical markers from a gym
sequence, used as input for the
skeleton fitting

Fig. 3. Interface for correction and association of
markers’ sets with skeleton segments. Result of tuning
the threshold (left). Skeleton model template (right)

The use of optical markers (Fig. 2) simplifies the human model without loss of
precision, increasing significantly the speed of the computations while avoiding all
the aforementioned problems. A problem lies in the possibility of loosing occluded
markers during complex motions. This is the point where the rigorous fitting of an
anatomic skeleton proves to be especially important. Using it, accurate prediction of
the artist’s posture can be made and integrated in the marker identification procedure.
It supports suitable decisions in discarding hidden markers out of the alternatives of
important choices at the 2D level of a camera view.

3 Local Technique

When looking for the position of the bones of a person, a first observation is that the
relative distance of markers attached to one limb is almost constant. The biggest
deviations occur when markers are attached on parts that suffer maximal deformation
during the movement as around the joints or on massive muscles (e.g. on the thigh).
Our approach handles this context by decomposing the problem into three stages
developed in the following subsections:
• Partitioning the markers into rigid segment sets
• Estimating the position of joints
• Deriving the corresponding skeleton dimensions
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3.1 Partitioning

We have to specify which marker belongs to which segment. This can be done
manually by using an anatomic skeleton and making associations. Nevertheless, an
automatic tool is welcomed (Fig. 3). We propose an algorithm that computes the
distances between markers at each frame of the gym motion (Fig. 4). It selects the
biggest sets of markers in which all distance variations between all pairs of markers
are under a certain threshold. This condition defines a rigid segment set. The system
may look for the expected number of partitions or the user can interactively tune this
threshold (Fig. 3).
We call partition such a rigid segment set. Its formal definition is the following: we
define a relationship R over the set of markers. The relationship R determines a cover
C over the set of markers M.

C P P M m m P m m R m m= ⊂ ∀ ∈ ≠ ⇒| , , , ( , )1 2 1 2 1 2
(1)

where

R m m m m R( , ) ( , )1 2 1 2≡ ∈ (2)

Fig. 5. Maximal Partitions after corrections
and association with segments of the template

Computing
deviations

Tuning the
threshold

User’s corrections
to partitions

Attaching partitions
to segments

correspondence file

final
partitions

biggest
partitions

deviations

“Gym” motion

Fig. 4. Steps followed in partitioning

O

A

M

Bp_segment
a_segment

Fig. 6. The trajectory of a marker M around
an adjacent segment OA
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Now we define the cover ℜ  over M as:

ℜ = ∈ ∀ ∈ ≠ ⇒ ⊄P P C Q C Q P P Q| , , (3)

We call ℜ  “the set of biggest partitions of markers found in the relationship R”.
In our case two markers m1 and m2  are in the relation R if, over all frames, the

difference between the longest and shortest distances d m m( , )1 2 between the

markers, passes below a thresholdθ . Thus R is the set:

( , )|max ( , ) min ( , )m m d m m d m m
frames frames

1 2 1 2 1 2− < θ (4)

We intend to further develop this tool using information based on the angles formed
by the markers. Corrections can be done manually. After computing the sets in ℜ  we
need to establish a relationship between each of such set (Fig. 5) and a segment of the
skeleton model. In the current stage we are doing this association manually, using an
interactive graphical interface (Fig. 3). We will try AI learning techniques based on
the motion of the local systems of coordinates to accomplish it (see section 3.3).
We define the attachment weight of a marker to a segment as a normalized measure of
the rigidity of its attachment to that segment. By default, all the attachment weights
have a value of 1.0.

3.2 Using the Relative Trajectories of the Markers

If we consider a referential bound to a bone represented by a segment e.g. OA (Fig.
6), the markers that are attached on adjacent segments (e.g. OB) theoretically move
on a sphere centered on the joint that links the two segments (here joint O). This
comes from the hypothesis of constant distance between markers and joints.
The position of a segment in space is completely defined by three points. Thus, if we
have a minimum of three markers on a segment, we can define the position and
orientation of that segment in space. Afterwards, we compute the movement of the
markers on adjacent segments in the referential established by these markers and we
estimate their centers of rotation (Fig. 10). The centers of rotations correspond to the
joints. From their position in space we can compute the lengths of the segments as the
distances between them. For example, in Fig. 6 we can compute the position of the
joints A and O in space and we get the distance ||AO||.
Due to the deformations suffered by the skin during the motion, the markers attached
on a limb change their position with respect to the bone. As long as the deformation is
only due to a twisting rotation, it is filtered out by its property of maintaining the
distance to the joints. However, a deformation that is changing the distance to the
bone (e.g. due to muscles such as biceps) or one that changes the position along the
bone induces unknown errors. Markers suffering such deformation errors are further
said to belong to the noisy class. We deal with these errors by introducing a LSQ
computation of the center of rotation. We use a modified version of the Levenberg-
Marquardt method [10] for all of our least squares computations. Depending on the
complexity of the movements, the errors sum up or compensate each other, the worst
cases being presented in [12].
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3.3 Segment Referential

Due to skin deformations, during motion the markers may change their position with
respect to the underlying bones. This induces errors in computing a referential bound
to a segment. The biggest errors result from the displacement that may affect the
origin of the system of coordinates. In order to filter out such errors we assign little
weights to the markers that belong to the noisy class, and we choose the origin as the
center of mass of the weighted markers. In order to improve the stability of the
direction of the axis, we first choose the farthest marker from the origin for the
direction of one axis. In our case we compute this way the Ox axis. This marker is
then marked during the whole video sequence. Then we define the plan xOy as the
plan that contains the marker situated at the biggest distance from the axis Ox. All the
distances used in comparisons are multiplied with the attachment weight because the
increase in reliability is proportional to the distance.
The choice of the two important markers that determine the referential is done only
once. The calibration frame is the first frame of the sequence in which all the markers
attached to the reference segment (p_segment in the formula) are visible. They are
used for computing the referential in all the frames. The user manually specifies the
weights. We provide an interactive display that allows checking the effect of the
weights (Fig. 11 and Fig. 12).

3.4 Center of Rotation

In the p_segment referential we compute all the centers of rotation for all the markers
of an adjacent segment a_segment (Fig. 6). The center of rotation is estimated as the
result of the function:

arg min ( ( , , , ) ( , , , ))
, , ,r x y z trajectory

d r x y z weight r x y z
0 0 0

2∑ × (5)

corresponding to the LSQ minimization [10] of the function:

d r x y z weight r x y z( , , , ) ( , , , )× (6)

where:

d r x y z x x y y z z r( , , , ) ( ) ( ) ( )= − + − + − −0
2

0
2

0
2 (7)

and the function weight r x y z( , , , )  is described in the section 3.6.
Then we estimate the joint position as the center of mass of the centers of rotation
weighted by the associated marker weight and the radius of the sphere that they
describe (Fig. 7).

weight
weight mrk a segment

radius mrk p segmentcenter = ( , _ )

( , _ )

(8)

We have conjectured that the precision of the center estimation is related to the radius
of the rotation and empirically we have used the previous formula. However, the
relation between precision and radius proved, as shown in [12], not to be very tight.
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Take as an example Fig. 7. After defining the system of coordinates bound to S1, we

estimate the center of rotation J of S2  in this referential. In order to do this we

estimate the center of rotation xJ of each of the markers M, N and P. Then we

compute the mass center of the centers of rotation for M, N and P using the weights
computed with the previous formula:

x
x weight

weightJ

center center
centers

center
centers

=
×∑

∑
( ) (9)

There is a case where the trajectory of a marker describes a circle and not a sphere,
due to reduced degree of freedom for a certain joint (e.g. elbow). We would project
this trajectory in the plan that best contains it. This plan can be found by using a LSQ
that minimizes the distance between it and the points on the trajectory (Fig. 9).
A certain attention has to be paid to the case where we have less than three attached
markers on a segment. This case occurs often in our experiments (Fig. 12). Currently
we solve it with two markers if the adjacent joints can be acceptably modeled as
having only one rotational degree of freedom. In this case we determine the system of
coordinates by the plane that contains the two markers of the base segment and the
marker whose trajectory is being tracked. The center of rotation is computed in this
plane and then retransferred into the global referential. There, we compute the center
of mass of all the centers of rotation computed for all the markers on a neighbor
segment in order to find an estimate for the position of the joint.
Afterwards, we perform as usually. For example (Fig. 6) we compute all the rotation
centers of the markers on OA around OB, and all the rotation centers of the markers
on OB around OA. Then we compute the center of mass using the weights of the
considered markers and the inverse of the radius of the circles or spheres described by
them during their motion.

3.5 Getting the Resulting Skeleton

By applying the previously described procedures we get finally a set of joints
estimates for each frame. The next step is to compute the length of each bone in the
anatomical skeleton so that the previously computed joints can be in the estimated
position in each frame.
One trivial approach is to estimate the length as the average distance between the
estimated joints. A more elaborated one is to compute the length that minimizes the
square of deviations.
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Fig. 7. Weighting centers of rotation for
different markers on segment S2

Fig. 8. Case where the lack of proper
weighting would induce a bigger error than the
ones described in the presented theory. The
thickness of the continuous lines represents
the density of the points in the trajectory

Fig. 9. Algorithm used to estimate the
position of the joints for all the frames of the
gym motion
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Fig. 10. Each segment length is multiplied
with a coefficient (one of “a” to “n”) and the
degrees of freedom are modified in order to
bring the model skeleton in the estimated
position in each frame, marked here by the
black circles

Currently we use a global adjustment of the lengths that minimizes the distance
between the joints of a model and the estimated joints in each frame, adjusting in the
same step all the other degrees of freedom of the model (Fig. 10). The same technique
as the one presented in section 4.2 is employed.
We provide also the possibility of constraining the estimation of a symmetrical
skeleton. This constraint can be set very easily in the context of using the global LSQ
procedure mentioned above. The only change that has to be done in computations is
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to use the same coefficients for the adjustment of the symmetric lengths. For example,
in Fig. 10 we would have:

i h” , k m” , l n” , i h” , a f” , b e” , c d”

Fig. 11. Estimating the center of rotation of a
marker around a segment determined by
several

Fig. 12. Right upper arm. Example of a case
where the segment can be determined by only
2 markers

3.6 Errors, Advantages, and Drawbacks

In order to restrict the errors of the previously shown type we weight the points on the
trajectories. The weight is the inverse of the densities of these points in a region of the
space. We compute this densities by first dividing the space in a set of parallelepipeds
in which we count the number of points. First we compute automatically the minimal
box containing all the points of the trajectory and we divide it, dividing each direction
by a factor of 5 or 10. This increases the importance of poorly populated regions of
the space representing extremities of the values of the degrees of freedom. Usually,
the artist keeps for very short time such postures. Such an inverse density weight
diminishes strong noise as the one in the Fig. 8.
As it is proved in 12, if

e << R, (10)

where R is the shortest possible distance between the joint and the marker while e is
the maximum deviation of this distance, then we can approximate the error x:

x @
-

‡
e

a
e

1
2

2cos( )

(11)

The last formula shows the maximum precision of the estimation of the position of a
joint in a given direction. It is a function of the maximum angle a  of the arc
described by the marker in a plane determined by the joint and that direction vector.
The maximum precision is less than half of the maximum deviation of the distance
between marker and joint.
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4 Global Technique

We now present a different approach to fitting a skeleton to motion capture data. It is
called global skeleton fitting and here it is used to refine the results of the local
technique of section 3. Global means, that we consider the whole skeleton at once,
whereas the local approach fits one limb at a time, ignoring relations between remote
limbs. A thorough description of the global method can be found in [4].
Since this method depends heavily on the underlying skeleton structure, we first give
a brief description of the used skeleton.

4.1 Modeling the Skeleton

As mentioned in the introduction, the skeleton of a body model is defined as a set of
articulations connected by rigid segments [3]. The model’s topology is defined by a
hierarchy tree and may be of humanoid, animal or any other shape which allows for
tree-like representation of the connected articulations. A “template” defines the
translations and rotations that have to be affected to get from an articulation to its
parent articulation in the hierarchy. This template describes the initial state of the
skeleton. It may vary between different instances of a model, i.e. different characters
or actors, but it is fixed for each instance during animation. Here, the local
transformation matrix of a joint is multiplied by a “motion matrix”, i.e. the matrix of
the rotation around this particular joint which represents the model’s motion.

Thus, the state of the skeleton is described by the state vector P P Pbody skel motion= , .

The initial state of the skeleton Pskel  consists of the rotations and translations from

each joint to its parent. It is fixed for a given body model. The variable state vector
Pmotion  contains the actual values for each DOF. They reflect the position of the body

with respect to its rest position.
For any given limb or body part a partial state vector for its parent joint can be written

as P P Qpart pre i= , , where Ppre  is the state vector of the preceding joint in the

hierarchy, and Qi  is the rotation angle of this DOF.

The position of joints in a global or world referential is obtained by multiplying the
local coordinates with a transformation matrix. This matrix is computed recursively
by multiplying all the transformation matrices that correspond to the preceding joints
in the body hierarchy:

X D P Xw i l
i

= ·Õ ( ) , (12)

with Xl w,  being local, resp. world, coordinates and the transformation matrices Di ,

which depend on the state vector P, ranging from the root articulation’s first to the
reference articulation’s last joint.
The articulations may consist of several joints, each having its own transformation
matrix D D Drot ini= · . Take as example the elbow which has the two DOFs flex

and twist: D D D D Delbow rot
twist

ini
twist

rot
flex

ini
flex= · · · . The “initial transformation”
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D R X pTini
k

k flex twist= · + =, { , , . . .} is a matrix directly taken from the LIG

skeleton. It translates by the bone length and rotates the local coordinate system from
this joint to its parent. The matrix entries are calculated with the values of the state
vector Pskel . The variable coefficient p Pskel˛  is necessary because we don’t know

the exact size of the person’s limbs yet. For the first joint of an articulation this matrix
is usually dense but the other joints have no translation and the rotational part usually
consists only of a permutation of the axes to ensure that the DOF rotates around the
local z-axis.

4.2 Fitting the Skeleton to Observations in a Global Approach

Optical motion capture delivers accurate 3D positions of markers in world
coordinates. We fit a model to these markers by minimizing a certain error function,
which penalizes the distance between real marker position and the position predicted
by the model. The employed model is depicted by Fig. 14. In order to be able to
measure a distance, both “marker observations” need to be in the same referential.
Thus, we transform the local coordinates of the modeled marker positions into world
coordinates by multiplying them with the recursive transformation matrix D p( ).
The fitting is then done by minimizing the error e  over all frames and all DOFs in the
following equation:

å =-- 0
2 ewXObs (13)

where Xw  depends on the state vector P, as explained in the previous paragraph. To

minimize the error, we employ the same LSQ algorithm as in section 3.2.
In other words, the global fitting searches optimal values for the DOFs and the lengths
of the limbs by taking all frames into account.

4.3 Practical Constraints versus Modeling Real Deformations

Usually, the markers are modeled as being rigidly attached to the skin. But in reality
they are effected by skin deformations. Those deformations are depicted by Fig. 13.
We see that, due to the muscles (e.g. biceps), skin deformation at the joints and
twisting, the markers are free to move in all directions. Allowing all those
deformations in our model, even with limiting constraints, would lead to
overparameterization. However we may consider that a certain position is the normal
one while the others are unstable and less probable.
In this case, the fact itself that we use a LSQ technique models such deformations.
Besides, some deformations are easily avoided by not attaching markers in noisy
places. Usually markers are not attached on biceps or similar places so that the
corresponding degree of freedom is sufficiently well modeled by the LSQ method.
The deformation of the skin along the bones is important only on the joints. Several
characteristics such as the attachment weight of markers (section 3.1) can be used.
The deformations of the skin in transversal directions on the bones, due to twisting,
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are sometimes important. A limit may still be set on the extent of the deformation
from one frame to another.

muscles

twisting

joint
flexions

Fig. 13. Degrees of freedom and their cause
for the movement of the markers with respect
to segments

r1

r2

Fig. 14. The model of the markers on the
segments

4.4 Computational Issues

The biggest drawback of the LSQ approach is that it gets stuck in local minima. The
best solution to this problem is to ensure a good initialization. The random
initialization is therefore avoided.
Taking into account the flexibility of the global approach regarding the models for the
attachment of the markers on the limbs, we find it interesting to use the result of the
local technique as the initialization of the global one. This way, as long as the model
for the global LSQ is enough constraining, we are sure of improving the previously
found result. The only condition is that the model should be more constraining than
the local one, respectively the movement of the markers on circles around segments
and weighted with attachment weights at joint proximity. The twisting model can be
improved, eliminating the errors that come in the local technique from the
computation of the referential.

4.5 Considered Models, Errors, Advantages, and Drawbacks

A model of the markers on the limbs being currently considered is presented in the
Fig. 14. The markers that are secured to only one segment are modeled as moving on
a circle around the segment. The exact position as well as the radius of the circle is
computed as a result of the LSQ optimization (section 4.2) in which these parameters
are global over all frames. This approach allows the modeling of the markers attached
at different distance on the same bone.
The markers secured very close to joints are modeled as moving on a sphere around
the joint. The radii of these spheres are also globally optimized. We intend to research
the effects of additional constraints regarding the parallel and meridian of the sphere
on which the marker can be found as a function of the current values of the degrees of
freedom.
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Additional frame to frame constraints may be added in order to improve the
convergence of the LSQ technique while taking into account the position of the
marker on the corresponding circle or sphere.

Fig. 15. Crosses show the
position of some joints
estimated using the local
fitting technique

Fig. 16. Skeleton obtained by
using a global adjustment of
an anatomic skeleton to the
positions of the joints
estimated using the local
algorithm

Fig. 17. Body obtained by
covering the obtained
skeleton with muscles and
skin

5 Results and Experiments

We have tested the previously described algorithms on some “gym” motions. In Fig.
15 we present the computed positions in space for the joints using the technique
presented in section 3. Out of these positions estimated in all the frames of the
sequence we obtain the skeleton in Fig. 16 by applying the algorithm of section 3.5.
In addition to this skeleton we compute estimates of the position of the markers on the
limbs. This estimation can be used in further improving the marker tracking and the
analysis of the motion. After covering the computed skeleton with muscles and skin
we obtain the skeleton of Fig. 17.

6 Local versus Global Approaches

Until now we have encountered some problems with the convergence of the global
LSQ. The main reason is that we have not used all the frames for the global
technique, and because of this, the possibility of introducing frame to frame
constraints was also reduced. Another reason is that the conversion of the results of
the local technique into the needed parameters for the initialization of the global LSQ
was done using yet another LSQ. We intend to further do this analytically. One
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promising direction is to set multiple priorities levels [11] instead of looking for one
global compromise in the posture adjustment phase.
Two complementary validation campaigns are also planned. First recording optical
marker data on an articulated structure with known dimensions (e.g. a robot). Second
to exploit a set of simple human motions isolating various degrees of mobility in
complex regions as the shoulder. The analysis of these data should lead to a better
understanding of the markers optimal positioning.
A comparison between the two approaches is summarized in the next table:

Local Global
Complex algorithm Simple algorithm
Low computational cost
(high speed)

High computational cost
(slow speed)

The manually specified weights are
important

The importance of the values of the weights
depends on the employed model.

The model of the markers on the
limbs cannot be modified easily.

The model of the markers on the body is
flexible.

Robustness within the limits of the
quality of the input

May easily get stuck in local minima

7 Conclusion

We have proposed a new approach to fitting a skeleton to motion capture data. It is
based on two different, yet complementary techniques: a local and a global one. The
local technique consists of the analysis of the relative trajectories of the markers. It
proves to be very fast but good results are dependent on the quality of the gym
motion. Also, its output is a set of independent 3D positions of the joints which still
have to be assimilated to a skeleton. The global technique employs expensive
computations for the simultaneous estimation of all parameters. In order to succeed it
needs an already close initialization and a good constraining model, otherwise it gets
stuck in local minima. However, it is less sensitive to incomplete motions and can
better handle skin deformation. Its output is a complete articulated skeleton structure,
ready to be used for animation purposes.
The combination of both techniques eliminates the problems each of them has on its
own: the local technique serves as initialization to the global one, which delivers the
fitted skeleton.
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Abstract. A method for matching sequences from two perspective views
of a moving person silhouette is presented. Regular (approximate uniform
thickness) parts are detected on an image and a skeleton is generated. A
3D regular region graph is defined to gather possible poses based on the
two 2D-regular regions, one for each view, at a given frame. The match-
ing process of 3D graphs with a model graph results in interpretations
of the human motion in the scene. The objective of this system is to re-
construct human motion parameters and use the analytical information
for synthesis. Experimental results and error analysis are explained when
the system is used to drive an avatar.

1 Introduction

Human motion analysis and synthesis are of major interest in a variety of dis-
ciplines: sport analysis, dancer training and choreography, scientific simulation,
3D animation, medical rehabilitation, virtual reality and entertainment. Systems
based on computer vision capture the motion parameters from images and these
systems are called kinematics analysis systems. Other systems, called dynamics
based systems, are aimed to model the motion using Physics laws. In general, it
is also possible to combine both perspectives to complement the final reconstruc-
tions and reach adequate analysis and synthesis human motion systems. For full
details see, for example, [12, 2]. The system we propose is based on kinematics
analysis and is non-invasive.

The approaches to human motion analysis include top-down methods based
on model guided analysis, and bottom-up methods based on understanding of
low level features. In the former methods, the human body model is composed of
a number of parts that allows movement among them, so that reconstruction of
the human body motion should calculate shape and joint angle parameters. The
main difficulties are related to modeling humans and to the expensive search
procedure for the recovery of shape and motion parameters. Some recent work
in this kind of approach are [14, 8, 4, 10].

The alternative approaches involve the extraction of the flow field, and then
segmenting it into piecewise-smooth surfaces. These surfaces are then grouped
and recognized as human parts, maybe using other type of features. Unfortu-
natly, optical flow segmentation methods are rarely sufficiently general, and the
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recognition process may involve prohibitive search procedures. See for example
[3, 15, 9, 6]. We do not intend to review all previous works here. The reader is
referred to [1] for reviews on the area of human motion analysis.

The system we propose in this paper calculates human motion in three steps,
starting with silhouettes from two orthogonally positioned cameras, in a bottom-
up fashion. First, the boundary of the smooth body surface is used to recover
candidate human parts, from both perspectives. Then, 3D part positions hy-
potheses are carried out, and finally, constrained matching with a model gives
the best interpretation. The process is able to interpret human silhouette se-
quences and to give an approximate description of part movements. We found a
new optimal search to fit a general human shape model into a 3D regular region
graph, obtained from the perspectives.

This line of work is important because is within the new trend for animation
of humanoids that uses analytical information from real subjects in addition to
synthetic motion models. We present a framework in which the subject could be
any human wearing tight clothes, and the type of motion is any motion in which
the subject appendages are visible most of the time in the silhouette.

Our approach starts with a general and simple model of the human body
and two orthogonal images sequences, and gives as a result a rough estimation
of the body part sizes and their motion displayed by an avatar. Although the
precision of the position is not high, it recognizes all parts, and their respective
movements, with few assumptions.

The reader may wonder whether to find the silhouettes is difficult in real
environments. There are systems [15] which are already able to find human part
blobs on an arbitrarily learned background. The major restriction of our method
is that the human parts ought to be elongated and approximately conical, which
prevents the recognition of people with more or less normal clothing. Our re-
search efforts are concentrated on detecting elongated textures in motion through
flow analysis.

Section 2 introduces briefly the assumptions about the subject and the cam-
era settings. Section 3 defines the 3D regular part graph concept. Section 4
includes the matching with a human model. Section 5 shows some results and
we present in Section 6 some conclusions and current work.

2 Regular Region Extraction

Suppose we have two calibrated cameras placed so that their projection planes
are orthogonal. We call the views Frontal (F ) and Lateral (L). The perspective
view from each camera contains a person silhouette in black moving on a simple
background. See Figure 1.

The silhouette skeleton is found using an algorithm which decomposes the
shape into regular and singular regions [13]. Regular regions correspond to elon-
gated regions limited by opposite contour pieces. These are quasi-parallel and
near to each other. Therefore, arms, legs, head and trunk are easily identified
as regular regions. Regions which are not regular are considered singular. They
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Fig. 1. Experimental set-up

are parts of the shape which connect or terminate the regular regions, such as,
shoulders, heap, regions where arms cross each other, feet tips, etc. Thus, the hu-
man shape can be represented as a graph, in which nodes correspond to singular
regions and edges correspond to regular regions.

The skeleton of a regular region is its middle line (its axis), which is di-
vided into a number of rectilinear segments. In contrast, singular regions have
no skeleton, they only connect skeleton lines of regular regions. A 2D skeleton is
a graph where nodes are singular regions or corners between two segments and
edges are rectilinear skeleton segments. The average width of a regular region
is associated with its corresponding edge. A geometric point is associated with
each graph node: a node is positioned at its singular region’s centre of mass. In
Figure 2 it should be noticed that regular regions may not touch each other.
They are outwardly disconnected but in fact the node captures the adjacency
relations among them. Circles represent the extent of the singular regions and
set node positions.

3 The 3D Skeleton Graph

We assume that human parts (head, trunk, arms, legs) are elongated and ap-
proximately conical. In other words, each part is symmetrical with respect to an
axis. The human parts considered are explained in Section 4. When parts are
put together in space, they create connection regions which are not as regular as
the original parts. There are also regions which are still regular because they are
not affected by the connections, so they preserve their symmetry. We attempt
to recover these regular regions, and also the connection regions.

For each frame, there are two skeletons, one for each view. They have comple-
mentary information which we capture in the following way. Each point on the
skeleton in F has an epipolar line in L, and, the same is true interchanging L for
F . The line equation can be calculated using the camera calibration parameters
(focal distance and camera positions).

Most of the time, a 2D skeleton point is a projection of a 3D point located
on a conic part axis. There are three cases:
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Fig. 2. 2D Processing (from top to bottom): (a) original images; (b) regular
regions (graph edges); (c) centres of singular regions (graph nodes); (d) epipolar
lines of graph nodes



3D Part Recognition Method for Human Motion Analysis 45

– if this conic part is viewed as a regular region in the other view, the 3D
point is projected on the 2D skeleton of the part. Therefore, intersections of
the epipolar line of the original point with the other view skeleton are good
candidates for its corresponding point.

– if a subpart of this conic part is viewed as a singular region in the other
view, we can say that the point is somewhere on this singular region. Since
we know that we do not have a good estimation of the point position, we do
not generate candidate points. It should be noticed that singular regions are
usually small.

– if the conic part is occluded in the other view, then the position of the point
cannot be recovered with precision. In this case, we can only say that the
point is somewhere hidden by another part and we represent its possible
position on the axis of the occluding part, due to lack of more information.

Therefore, possible positions of a skeleton point in F are the intersections of
its epipolar line in L with the skeleton in L. However, we keep in mind that the
true candidate may not be one of them.

The idea is to find the possible positions of a skeleton segment in a view, in
the other view. For this purpose, it is sufficient to obtain the possible positions
of the segment endings. We also have to position the singular regions, i.e., the
nodes of the graph.

For each node point in the F graph, the intersection of its epipolar line with
the skeleton in L is found. A new node is inserted in the L graph, for each
intersection of the line with skeleton segments. The new node divides a segment
into two parts, so neither a geometrical nor a topological change is carried out
on the graph. A similar process is applied to the L graph.

There is an important case we need to remark. The epipolar line may intersect
a segment in more than one point, i.e., the segment may be on the line. In this
case, no new nodes are inserted.

Moreover, we assume that for each node of F , the intersection of its epipolar
line with the skeleton in L is not empty. If a node does not have a corresponding
node in the other view, it is removed from the graph, together with its adjacent
edges. A similar process is applied to the L graph.

After the above two processes are applied to the graphs, it is required that
for each segment in F , the epipolar line of at least one point should intersect at
least a segment in L. Otherwise, the segment is removed. A similar process is
applied to the L graph.

The resulting graphs are defined below.

Definition 1 (alignment). Let GF and GL be two skeleton graphs of F and L
views, respectively. They are in alignment if the following conditions are satisfied:

– The epipolar plane which crosses each node in GF intersects GL only in
positions of the nodes, e.g., it does not cross any segment of GL. When a
segment is in the epipolar plane, we say that the plane does not cross the
segment.
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L FF LF L

Fig. 3. Example of alignment of two graphs (from left to right): (a) original
graphs; (b) graphs in alignment; (c) one segment is on the epipolar line of its
endings

– The epipolar plane which crosses each node in GF intersects GL in at least
one node.

– For each segment in GF , the epipolar plane of at least one of its points
crosses a segment or a node of GL.

– The same above conditions, when F is interchanged for L.

Example 1. Figure 3(b) shows the new nodes inserted so the graphs in (a) are
in alignment.

Example 2. When a segment is totally on the epipolar line of its endings, we say
that the segment is facing the camera. Figure 3(c) shows that when the epipolar
line of a node in one view intersects a segment which is facing the camera, no
new nodes are inserted. Later on, we will see that this assumes that the 3D
position of the node can be only on the segment endings in the other view.

After new nodes are inserted and nodes and edges without corresponding
ones in the other view are removed from the graphs to guaranty alignment, we
define a subgraph of the cross product of the two graphs. V and E represent
vertices and edges, respectively. Graphs are assumed reflexive: (a, a) ∈ E for
each a ∈ V .

Definition 2 (3D Skeleton). Given two graphs GF = (VF , EF ) and GL =
(VL, EL) in alignment, the 3D Skeleton is a graph G = (V, E) where

V = {(a, a′) | a ∈ VF , a′ ∈ VL, a and a′ are in the same epipolar plane }, and

E = {((a, a′), (b, b′)) | (a, b) ∈ EF and (a′, b′) ∈ EL}.
When nodes a ∈ VF , and b ∈ VL, are in the same epipolar plane, they

define a unique 3D position. The 3D graph is constructed so that there is a
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Fig. 4. Scheme of the 3D skeleton of two graphs

3D-edge between two 3D positions when on both projections there is evidence of
its existence, e.g., when the 3D-edge projections are edges in the 2D graphs. To
describe the exact geometry of the 3D-edge ((a, a′), (b, b′)), its ending coordinates
are calculated so that their projections are on the segments (a, b) and (a′, b′).

Example 3. Figure 5(b) displays two 3D skeleton graphs. A 3D graph edge is
represented as a cylinder, where its radius depends on the observed widths of
the 2D edges. On the left part of the figure, there are four legs because those are
all the possible positions generated by the views. See also the scheme in Figure
4, where point a could be at point 1 or 2, in the other view. For simplicity, nodes
drawn at the same height are assumed to be in the same epipolar plane.

Example 4. When segments are on the epipolar line of a point, there is a lot
of ambiguity, because the segment of a view is reduced to a point in the other
view. If there are several segments on the same plane, several alternatives are
considered, as shown in Figure 6. It should be noticed that if the segments are
human arms, the diagram includes several poses which one or two arms could
generate.

If edge coordinate endings coincide with their adjacent nodes, i.e., when there
is no gap between an edge ending and a node centre, the following statement is
true.

Proposition 1. Let GF and GL be the frontal and lateral skeletons of an image,
in alignment. The frontal perspective projection of the 3D skeleton of GF and
GL is GF . The same is true for the lateral view.

Proof: Let G be the 3D skeleton of GF and GL. It is easy to see that the frontal
projection of G is contained in GF . Conversely, let us show that any node and
edge of GF are in the projection.

Let a be a node in GF . Since the graph is in alignment with GL, there is a
node a′ in GL on the same epipolar plane. Therefore, the node (a, a′) is in G
and its projection is a.
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Fig. 5. Motion recovery of frames 3 and 6 (from top to bottom): (a) original
frames with regular regions; (b) 3D graph; (c) 3D subgraph matched with the
model; (d) recognition result driving Nancy
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Fig. 6. The 3D skeleton of two graphs with segments on epipolar planes

Let (a, b) be an edge on GF . Assume that the epipolar plane for a and the
epipolar plane for b are not the same. The planes intersect the graphs only on
nodes, and there are not any nodes between the planes. The middle point of the
segment (a, b) intersects at least one segment (a′, b′) in GL, where a′ is on the
plane for a, and b′ on the plane for b. Therefore, (a, a′) and (b, b′) are nodes in
G, ((a, a′), (b, b′)) is an edge in G, and its projection is (a, b).

If (a, b) is on a single epipolar plane, it must intersect at least a node a′ in
GL. Therefore, the nodes (a, a′) and (b, a′), and the edge ((a, a′), (b, a′)) are in
G, using the graph reflexivity. Thus (a, b) is the projection of a node in G. This
proves the statement.

The proposition above says that from the 3D graph G, it is possible to recover
the information in both views (except information about parts that do not have
counterpart in the other view). Hence, in one graph we compile the two projection
graphs.

On the actual implementation, in order to generate a 3D-node, nodes do not
have to be exactly on the same epipolar line, but some small deviation is allowed.
Thus, fewer additional nodes are inserted during the alignment process, and the
result is more stable to noise.

Any subgraph of G such that its projections are the original view graphs is a
valid 3D interpretation of the views. Valid interpretations should also respect the
human model structure and mechanics. Therefore, a subgraph which matches a
human model and projects onto the views gives a 3D pose for the views. When
this process is applied to each frame, a sequence of 3D graphs is generated.

4 Matching with a Model Graph

Each 3D graph contains segments for all possible positions (except for segments
facing the camera) of 2D skeleton graphs. To choose one interpretation, knowl-
edge of the human structure is used throughout a graph model which defines
the parts of a person, and some quantitative relations among their lengths and
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widths. The human model considered is a graph which consists of 17 parts con-
nected accordingly,the same number of parts that compound the humanoid skele-
ton used for displaying theresults.Hogg [7] is the first one that builds a system
to recognize a complex movement, such as walking. He used a cylindrical model
that is fit into the images by comparing directly the 2D model contours for
walking to the grey-value edge points of real images. We instead compare, ac-
cording to their width and length, whole 3D regions previously extracted from
the image. The model we use is similar to Hogg’s. It is structurally matched with
the 3D graph and the numerical relationships are used to constrain the possible
matchings. There are three types of constraints: aspect constraints (relate maxi-
mal length to the width of a part), width constraints among parts, and maximal
length with respect to a previously defined part length (in our case, the trunk).
All constraints are very relaxed to cover the sizes of most humans but avoid
considering matchings which are not possible. Hence, the system is designed to
recognize any person.

The process matches groups (paths) of segments in the 3D graph with each
model part, matching as much as possible and rejecting the matching not satisfy-
ing the constraints. A branch-and-bound algorithm is implemented and applied
to each 3D graph of the frame sequence.

The grouping into segment paths is required since several segments in the
graph can form a single part, and vice versa, several model parts can appear as a
single segment. A path generation process finds approximate collinear paths (se-
quences of adjacent edges) which are as long as possible and are called maximal
paths. Next, for each maximal path, it generates all possible sub-paths, which
will be called simply paths of the graph, since no other graph paths will be con-
sidered in this paper. This is a procedure which allows the future grouping of
segments which actually belong to the same human part. Two paths which do
not share segments are called compatible.

Let P and PH be path sets. Given G(V, E, P ) and H(VH , EH , PH), a 3D
graph and a model graph, respectively, an interpretation

Φ : PH → P

is a partial one-to-one mapping such that

– the domain and the range consist of compatible paths, and
– it respects the path relations, so that if two paths in H are related in certain

locations, their images in G are also related in the same locations.

If Φ is an interpretation of H in G, we also say that Φ is a shape instance of
H in G.

The conditions ensure that paths are mapped into paths at the same relative
positions. Therefore, an interpretation has the same flavour of homeomorphic
subgraphs [5], but it is a more relaxed concept.

The best matching in each frame is chosen. Algorithm A∗ is used to find
the optimal solution provided that an admissible heuristic function is defined
[11]. The details are out of the scope of this paper. The matchings recognize the
human parts in the sequence.
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Fig. 7. Motion of the head centre

5 Experimental Results

Several sequences were filmed by two cameras. We show here the results on
a walking man sequence. Each 288 × 216 frame view was filtered to remove
background and noise and converted into a bilevel image. 2D skeletons from
each view were converted into 3D graphs, which were matched against a human
model. Angles between the recognized parts are given to an avatar, so that the
results are displayed with the aid of a virtual humanoid, named Nancy. All parts
are positioned relatively to its parent part, and only the first one, the trunk, has
the absolute 3D position and orientation calculated for the 3D graph.

Nancy is a standard VRML humanoid developed at 3Name3D Inc. It follows
the specifications of the Humanoid Animation Working Group (H-ANIM).

Due to paper limitations, we only show the first 12 frames separated approx-
imately 1

8 s. from each other. See Figures 8 and 9.

5.1 Recognition Performance

Figure 7 shows the 3D coordinates of the head centre, as calculated by the
system. There is no ground truth available for any position, except the fact that
the subject walked following a line parallel to the Z-axis. Therefore, we assume
that the head followed approximately a line, and we measure the deviation of
the points from a line.

Using Principal Component Analysis the Root Mean Squared (RMS) error
in the 3D space is 2.87 units, out of 292 of the subject height (1 unit = 0.6 cm
approx.) and the angle between the best line and the Z-axis is 4.27 degrees. The
head apparently moves to and fro due to lack of precision of the regular region
analysis. We expect to apply a Kalman filter to smooth the Nancy driving data.

From the figures, a qualitative evaluation can be carried out. Most of the part
orientations are correct and the humanoid seems to walk normally. However, the
leg‘s poses are recovered better than the arms’ because they are less affected by
occlusion in this sequence. We plan to use optical flow to guide the matching
more precisely and obtain more robustness.
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Fig. 8. Recognition result of 12 frames driving Nancy (from top to bottom):
original frontal view sequence, lateral sequence, and Nancy’s one view sequence

Fig. 9. Recognition result of 12 frames (cont.)

5.2 Computational Performance

In the image processing and skeleton extraction are lineal with respect to the
number of pixels. The 3D graph calculation is lineal with respect to the number
of segments in both views. In contrast, the matching procedure is exponential
in the size of the graphs in the worst case. In practice, real graphs are small and
the constrains considerably prune the search.

The system performs in batch. Half of the computational time is spent by the
matching procedure. The experiment was performed using the C programming
language on a SUN SPARCstation IPX and it takes 1.2 cpu seconds per frame.
Up to date no effort has been made to optimize the program for speed.
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6 Conclusions and Future Work

An analysis vision system for human motion detection is presented in this pa-
per. The global system analyses the two-view input image sequence to discover
the 3D spatial information in each image frame. The subject could be any hu-
man wearing tight clothes, and the type of motion is any in which the users’
appendages are most of the time visible on the silhouette. No other assump-
tions are made with respect to the subject or the type of motion. Currently, our
method is limited by the fact that we assume the person is moving in front of a
simple background.

The level of error obtained is low given the roughness of the skeleton extrac-
tion process. Therefore, we claim that we could recover motion without the use
of detailed subject information.

Our research is nowadays concentrated on using optical flow to propagate
through the sequence the recognition results, and to make an overall reduction
of the computational time. Future research includes the use of colour to segment
arbitrary images, management of complex backgrounds and combination with a
synthesis process to improve the position of the limbs.
Acknowledgements. We would like to thank Ms. Cindy Reed-Ballreich from
3Name3D Inc. for kindly making the humanoid Nancy available to us. This work
is supported in part by the grant CICYT TIC96-0528.
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Abstract. This paper presents an integrated set of tools to facilitate
the manipulation and reuse of motion capture data. A functional rep-
resentation in terms of nonuniform B-splines provides a compact and
efficient description of motion sequences. A collection of B-spline curves
attached to a hierarchical structure is used to represent the animation
of articulated figures. A set of primitive operators acting on these curves
and their application to motion editing is presented. We have successfully
used these primitives to generate smooth transitions between motion se-
quences, motion interpolation and motion cyclification.

1 Introduction

Motion capture is the process of recording motion data in real time from live
actors and mapping it into computer characters. Motion capture systems include
mechanical, magnetic and optical devices that directly or indirectly track the
actor’s movements.

During the past decade, motion capture has become increasingly popular as
a tool to speed up the computer animation process. It has been used to pro-
duce high quality animations in relatively short amounts of time[10]. The major
drawback of this technique is the lack of tools to efficiently edit the captured
data. In fact, often the whole acquisition process needs to be repeated in order
to modify sections of a motion sequence[5].

Motion capture techniques can also be used to build a database of basic mo-
tions ([4], [13], [2]) to be used in interactive 3D character animation applications.
In such environments, characters are controlled by the user and should move ac-
cordingly. Since only a small subset of all possible motions that the user may
select can be stored, the challenging task is to design tools that allow reusing
these sequences to generate new animations.

Our purpose is to present an integrated set of tools to facilitate the manip-
ulation and reuse of motion capture-based animation data. The design of these
tools is based on the following requirements:

– Data reduction. The data generated by motion capture systems consists of
a value for each degree of freedom at every sampled frame. A compact rep-
resentation with a reduced number of parameters to be adjusted is essential
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to facilitate motion editing and reuse. This representation can also be used
to reduce storage and transmission costs.

– Data smoothing. The sensitivity of magnetic and optical devices to metals
and lights introduces some noise in the captured data. In addition, the post-
processing step to generate three dimensional data and the occlusion prob-
lem related to optical systems can add extra artifacts. Some type of filtering
mechanism needs to be incorporated to automatically produce smooth mo-
tion sequences. Editing operations, such as transitions between two existing
motion sequences, must guarantee smoothness of the resulting motion.

– Computational efficiency. Interactive speeds are required for the system to
be of practical use.

– Animator Control. One of the major limitations of motion capture is the
lack of animator control. High level editing operations together with direct
manipulation of the motion parameters need to be provided.

– Easy integration. The tools need to be easily integrated with traditional com-
puter animation techniques such as keyframing, forward and inverse kine-
matics.

The basis of our approach is the use of nonuniform B-splines to provide a
compact and efficient representation of motion sequences. A set of operators is
then applied to these spline curves to support the creation of new animations
from previously recorded motion data.

The rest of this paper is organized as follows. Section 2 summarizes related
previous work. Section 3 describes our approach, presenting a curve fitting tech-
nique based on B-splines and its application to noise reduction. It also describes a
set of primitive operators designed to manipulate spline curves. Section 4 demon-
strates the usefulness of our approach for the adaptation and reuse of motion
sequences. Section 5 summarizes the work and proposes potential enhancements.

2 Related Work

Most of the early editing methods for motion capture-based animation relied on
keyframing [5]. However, the large amount of data involved makes this approach
undesirable. In what follows, we describe more recently proposed techniques from
the computer graphics literature.

Using the principle of motion warping introduced simultaneously by Witkin
and Popovic [14] and Bruderlin and Williams [4], new motions can be gener-
ated from a given motion sequence and a specified set of positional (or time)
constraints. Gleicher [9] combined motion warping techniques with spacetime
constraints to edit motion sequences. As in previous motion warping techniques,
the user specifies a set of kinematic constraints that must be satisfied by the
edited motion. These constraints together with an objective function describe
the spacetime constraint problem. In contrast to other spacetime constraints
techniques, interactive speeds are achieved by simplifying the objective func-
tion. While these methods allow the interactive creation of new animations they
do not provide tools for the automatic generation of new sequences.
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Bruderlin and Williams [4] applied multiresolution techniques well known
in the areas of image and signal processing to edit motion sequences. They
use a multiresolution filtering method to transform the motion into frequency
bands. Adjusting the amplitude of these bands produces interesting effects on the
motion. Other techniques presented in [4] include waveshaping, which is useful to
enforce joint limits of articulated figures, and multitarget motion interpolation
that allows the blending of two motion sequences.

In the Fourier interpolation approach of Unuma et al. [13], the motion of
the joints of an articulated figure are represented by their corresponding Fourier
series expansion. Using this representation, they describe a method to interpolate
periodic motions of articulated figures and to extract certain characteristics of
human behavior. In contrast to this technique, our approach is not based on the
frequency domain and therefore it is not restricted to periodic motions.

Rose et al. [11] applied spacetime and inverse kinematic constraints to gener-
ate smooth and dynamically plausible transitions between sequences of human
body motions. Although physically correct, these transitions can not be gener-
ated in real time. Recently, Rose et al. [2] proposed a technique for real-time
interpolation of motion sequences. Their approach closely relates to our own, it
represents the motion of each degree of freedom as a function through time in
terms of B-splines. An important distinction in our work is the use of nonuni-
form splines which provide more flexibility during the curve fitting process (see
section 3.2).

3 Approach

The motion of an object can be described as a collection of curves in time. When
dealing with articulated figures, these curves represent the trajectories followed
by the joints. Motion capture systems transform these curves into discrete-time
signals by sampling the position and/or orientation of selected joints at regular
time intervals. We use a curve fitting technique based on nonuniform B-splines
to reconstruct continuous-time curves from the sampled data. These provide
a compact representation of motion sequences and allow us to design a set of
primitive operators that act on these curves to provide efficient tools to edit the
motion.

3.1 Hierarchical Model

The captured data is transformed into anatomical rotations corresponding to an
articulated figure ([1], [3]). Our model has six degrees of freedom at the root
(typically the hips) which allow us to translate and rotate the entire model.
The rest of the hierarchy is modeled as a set of revolute joints, each with three
rotational degrees of freedom. A typical model with fifteen joints and 48 degrees
of freedom is shown in Figure 1.



58 Sandra Sudarsky and Donald House

Fig. 1. Hierarchical model with 48 degrees of freedom.

3.2 Curve Fitting and Noise Reduction

Let {(x0, t0), . . . , (xr, tr)} be the set of data points generated for a particular
degree of freedom, where xi is the data value at time ti. We use a least squares
approach to fit a spline curve Q(t) =

∑n
i=1 ciBi,k,τ (t) to the data, where Bi,k,τ

is the ith B-spline basis function of order k associated with the knots τi . . . τi+k

and ci is a weighting coefficient. The values of the coefficients c = {c1, . . . , cn}
of Q(t) are found by minimizing the expression

E =
r∑

j=0

(Q(tj)− xj)2. (1)

The least squares solution of (1) can be found by solving a linear system of
the form

Ac = r, (2)

where A is a positive definite, symmetric and sparse matrix. The system (2) can
be solved efficiently using the Cholesky decomposition method [8].

The curve fitting problem described above assumes a fixed knot vector τ . In
the case that the position of knots are left as variables the problem becomes a
constrained optimization problem. A number of algorithms to solve this problem
have been proposed (see [7] for a good review). The success of these algorithms
depends on the choice of the initial position of the knots and they suffer from
the existence of many stationary points.

For efficiency purposes, we select the knot vector prior to solving the least
squares problem. The straight forward approach of using a uniform knot vector
has several shortcomings. First, in order to refine a spline defined in terms of
a uniform knot sequence, a knot must be inserted at the midpoint between ev-
ery pair of existing knots. This restriction forces the addition of knots along the
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whole curve when only portions of the curve may require refinement. Second, dis-
continuities can not be represented in terms of uniform knots since the addition
of knots with multiplicities greater than one is required. Third, a nonuniform
representation usually provides a better approximation when the geometry of
the data is “used” to determine the knot placement. Our approach consists of
selecting the knot vectors according to the following heuristics:

– Add knots in regions of high curvature
– Avoid knots in regions of noise
– Add multiple knots to represent geometric discontinuities of the input data

Figure 2 shows 1578 data points describing the position of the hips along
the Y axis during a dancing sequence. The corresponding approximating spline
defined in terms of only 218 control points is shown in figure 3. The B-spline
representation not only provides a compact representation, but also offers local
control.

Fig. 2. Motion capture data-hips-1578 data points.

Although in practice these heuristics produce good results, the curves can
always be refined by introducing extra knots in regions where the data exceeds a
specified tolerance and solving smaller least squares problems. During the curve
fitting process, some of the noise inherent to the motion capture data can be
filtered out by introducing a weighting factor 1

wj+1 in equation (1),

E =
r∑

j=0

(
1

wj + 1
(Q(tj)− xj))2. (3)

The weight wj represents how much deviation exists between the parameter
value xj and the average value for that parameter around the neighborhood of
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Fig. 3. Approximating spline curve-hips-218 control points.

tj . The larger the deviation, the less influence that point has over the fitting
process. We use

wj = [xj−2, xj+1]− [xj−w , xj+w−1],

where [xj−a, xj+b] =
∑j+b

k=j−a
|xk+1−xk|

1+b−a and 2 ∗ w is the width of a window
centered at tj.

Figure 4 shows the original data representing the rotation of the upper leg
during a running sequence. The result of applying the noise reduction approach
to approximate this data is shown in Figure 5 (the control points are omitted
for readability).

Fig. 4. Motion capture data-Upper leg.
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Fig. 5. Approximating spline with noise reduction.

3.3 Primitive Motion Operators

We treat motion curves as objects which can be manipulated by a set of primitive
operators. Below we describe some of these operators and their application to
motion capture-based data manipulation.

The first set of operators acts on individual curves. Let Q(t)=
∑n

i=1 ciBi,k,τ (t)
be a spline curve defined by a set of control points c1, . . . , cn and a knot vector
τ of size n + k, where k is the order of the spline.

Curve Cyclification. Assume that Q(t) describes a periodic motion (with
period δ) for a particular parameter. The cyclification operation generates a
new spline S(t) such that S(l)(t) = S(l)(t + δ), for l = 1, . . . , k − 2.

Given the knot vector τ = τ1, . . . , τn+k of the original spline, we generate the
knot vector Π = π1, . . . , π2∗n+k as follows:

πj =
{

τj 1 ≤ j ≤ n + k
πj−1 + γj n + k + 1 ≤ j ≤ 2 ∗ n + k

where γj = τj−n − τj−n−1. Similarly, given the coefficients c1, . . . , cn of the
original spline, the coefficients for the resulting spline d1, . . . , d2∗n are given by:

dj =
{

cj 1 ≤ j ≤ n
cj−n n + 1 ≤ j ≤ 2 ∗ n.

This process can be repeated to generate spline curves of arbitrary length.
Note that in the case where the motion is not exactly periodic, the blending
operators described below can be used to smooth out the transitions.
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Knot Adjustment. Splines provide a parametric curve representation whose
length can be controlled by changing the knot vector appropriately. The knot
vector can be used to adjust the timing within a sequence or to synchronize two
or more motion sequences. For example, we can change the starting time of the
animation by shifting the entire knot vector by a constant. Slower and faster
animations can be generated by scaling the distance between every pair of knots
by a constant factor.

Motion synchronization is very important when blending motion sequences
together in order to guarantee that important events coincide in time. Suppose
{t1, . . . , tm} and {T1, . . . , Tm} represent two sets of time instances specifying
corresponding key events on two motion sequences. We can view each pair (ti, Ti)
as a time constraint specifying the time Ti at which the value associated with
time ti should occur. This problem is equivalent to the time warping problem
described in [14] and [2]. However, instead of transforming the raw data to satisfy
the time-constraints, we transform the knot vector τ to a new knot sequence π
as follows. For τj ∈ [ti, ti+1], the corresponding knot πj is given by

πj = Ti +
(Ti+1 − Ti)
(ti+1 − ti)

∗ (τj − ti).

Translation. Translating the curve Q(t) by a constant δ is equivalent to trans-
lating the control points by δ and computing the spline using the new vertices.
The translated curve is given by

QT (t) =
n∑

i=0

(ci + δ)Bi,k,τ (t).

Scale. Let S be a scaling factor. Then, the scaled curve can be written as

Qs(t) =
n∑

i=0

(Sci)Bi,k,τ (t) = SQ(t).

The next set of operators takes as input two spline curves and generate a
new curve. Let Q1(t) =

∑n
i=0 ciBi,k,τ1(t) and Q2(t) =

∑m
i=0 biBi,k,τ2(t) be two

spline curves defined on the knot vectors τ1 and τ2 respectively. A new spline
curve Q3(t) can be generated in two steps. First, the two original curves are
represented with respect to the same knot vector τ3 = τ1 ∪ τ2 via the Oslo
algorithm [6], i.e. Q1(t) =

∑n+m
i=0 c∗i Bi,k,τ3(t) and Q2(t) =

∑n+m
i=0 b∗i Bi,k,τ3(t),

where {b∗i } and {c∗i } stand for the coefficients under the refined representation.
Second, we construct the new curve Q3(t) =

∑n+m
i=0 d∗i Bi,k,τ3(t) in terms of the

knot vector τ3. The coefficients of the new curve {d∗i } are computed according
to the desired operation. We describe below several operators by specifying how
the new coefficients are computed.
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Uniform Blending. This operation consists of a convex combination of the
spline coefficients,

d∗i = ub∗i + (1− u)c∗i , 0 ≤ u ≤ 1.

It generates a curve that lies somewhere in between the two original curves,
according to the parameter u. Figure 6 shows a uniform blending of two splines
curves. When this operation is applied to each pair of curves representing the
motion of two articulated figures, a new animation that corresponds to an inter-
polant between the two original ones is generated.

Fig. 6. Two spline curves (one light gray, the other thin dark gray) and the
result of applying the uniform blending operator (shown in black) with u = 0.5.

General Blending. A general blending operation results when the coefficients
for the new spline are generated by combining the original coefficients according
to a blending function 0 ≤ f(t) ≤ 1,

d∗i = f(ti)b∗i + (1 − f(ti))c∗i ,

where ti corresponds to the value of the ith entry of the knot vector τ3. Figure
7 shows the result of blending two motion curves using

f(t) = 2( t−a
b−a )3 − 3( t−a

b−a )2 + 1,

where a and b correspond to the value of the first and last knots of τ3. The
above blending function provides smooth changes at the initial and final stages
(slow-in/slow-out) and almost constant rate of change in the middle. Note that
the resulting spline (shown in black) slowly transitions from one input spline to
the next.

We can control the interval during which the blending takes place by supply-
ing two real numbers t0 and t1. In this case, the new curve Q3(t) is identical to
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Fig. 7. Two spline curves (one light gray, the other thin dark gray) and the
result (shown in black) of applying the blending operator.

Q1(t) for t ≤ t0; it corresponds to a smooth transition between Q1 and Q2 for
t0 ≤ t ≤ t1 and it matches Q2 for t > t1. Note that the curves Q1(t) and Q2(t)
must be refined to share the same knot vector only in the interval [t0, tf ]. The
coefficients for the new curve are given by

d∗i = f(ti, t0, tf )b∗i + (1 − f(ti, t0, tf ))c∗i ,

where ti corresponds to the value of the ith entry of the knot vector τ3. As
an example of a blending function let

f(t, t0, tf ) =




1 t < t0
2( t−t0

tf−t0
)3 − 3( t−t0

tf−t0
)2 + 1 t0 ≤ t ≤ tf

0 tf < t.

Figure 8 shows two original spline curves and the resulting curve after the
blending operation is applied using a short interval [t0, t1].

These blending operators can be used to generate smooth transitions between
motion sequences.

Difference. The difference (addition) between two curves is found by subtract-
ing (adding) their coefficients,

d∗i = b∗i ± c∗i .

Motion Warping. The technique described in [14] and [4] can be easily ex-
tended to work with B-spline curves. Given a curve Q1(t) and a set of displace-
ments di(tk) = pk for i = 1, . . . , m, we find a new B-spline curve Q3(t) by

Q3(t) = Q1(t) + Q2(t),

where Q2(t) is a B-spline curve interpolating the displacements.
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Fig. 8. Two spline curves (one light gray, the other thin dark gray) and the result
(shown in black) of applying the blending operator with a specified blending
interval.

When applying these operators to the curves describing the motion of articu-
lated figures, we must guarantee that joint limits are maintained and kinematic
constraints are enforced. Due to the convexity and locality property of B-splines,
joint limits can be violated only on the local interval controlled by a control point
whose value exceeds the limit. In this case, we force the curve to reach the limit-
ing value via motion warping. Kinematic constraints can be enforced via inverse
kinematics. Once the joint angles are known, the motion curves for those joints
can again be modified via motion warping techniques.

4 Results

A prototype [12] is being implemented to serve as a testbed for the application
of these operators to the manipulation and reuse of motion capture-based an-
imation data. Figures 9 and 10 show original walking and running sequences.
Motion is from right to left, with the stick figures representing the character’s
pose at discrete uniform time steps. Note the greater distance between successive
poses in the running sequence, as well as the more extreme swings of arms and
legs. Figure 11 shows a smooth transition from one sequence to the other. This
new sequence is generated in three steps: First, the starting time of the running
sequence is updated by shifting every knot vector defining the motion curves by
a constant factor. Second, the spline curves representing the position of the hip
during the running sequence (root of the hierarchy) are translated so that the
position of the hip at the beginning of the running sequence closely matches the
position of the hip at the end of the walking sequence. The final step consists
of blending (with a carefully chosen interval [t0, tf ]) every corresponding pair
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of splines representing the motion of the two articulated figures. Note that the
interval [t0, tf ] defines how fast the transition should occur.

Fig. 9. Walk sequence.

Fig. 10. Running sequence.

The uniform blending operation (with u = 0.5) applied to the walking and
running sequences of figures 9 and 10 generates the accelerated walk shown
in Figure 12. This corresponds to an interpolation between the two original
sequences.

Motion cyclification is achieved by applying the curve cyclification operation
to every motion curve describing the animation of a periodic motion (except for
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Fig. 11. Smooth transition from walking to running.

Fig. 12. Uniform blending of a walk and a run sequence.

the curves describing the position of the hips along the X-Z plane which can
specified by an arbitrary path). Figure 13 shows an original sequence of running
steps (in dark gray) and the result of applying the cyclification operation (in light
gray). This operation applied repeatedly can be used to generate animations of
arbitrary length.

5 Conclusions

We mention in closing how the proposed approach allowed us to achieve the
desired objectives.
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Fig. 13. Motion Cyclification.

– Data reduction. Nonuniform B-splines provide a compact representation
since the number of control points is usually far less than the number of
input data points.

– Data smoothing. The use of cubic B-splines allow us to generate smooth
curves having positional, first and second derivative continuity everywhere
except at multiple knots. The incorporation of a filtering mechanism during
the curve fitting step reduces some of the noise inherent to the data.

– Computational efficiency. The development of efficient heuristics for finding
“good” knot vectors is an important algorithmic improvement, since cur-
rently existing spline fitting methods are very efficient once a “good” knot
vector is provided. The efficiency of the editing primitives relies on the fact
that the operators are applied directly to the control points.

– Animator control. The primitive motion operators provide the animator with
tools for motion curve manipulation and reuse. In addition, the local sup-
port property inherent to B-splines permits direct and local manipulation of
motion curves via control points.

– Easy integration. The adoption of a standard hierarchical model to rep-
resent articulated figures simplifies the process of incorporating our tools
with traditional computer animation algorithms based on forward and in-
verse kinematics. The techniques described in this paper were applied to
motion capture data but they are equally applicable to motion gathered in
other ways. Some possibilities include the evaluation of spline curves in a
keyframe system or data generated by procedural algorithms.

The use of the operators described in this paper facilitates the creation of
complex motions from simple animations. We are currently exploring the use
of these techniques to design other operators that allow the incorporation of
cartoon-like effects such as exaggeration and squash and stretch into previously
recorded motion sequences.
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Abstract. A new technique is introduced to abstract and edit motion
capture data with spatial constraints. Spatial proximities of end-effectors
with tagged objects during zero-crossings in acceleration space are used
to isolate significant events and abstract constraints from an agent’s ac-
tion. The abstracted data is edited and applied to another agent of a
different anthropometric size and a similar action is executed while main-
taining the constraints. This technique is specifically useful for actions
involving interactions of a human agent with itself and other objects.

1 Introduction

When one person mimics the actions of another, the two actions may be similar
but not exact. The dissimilarities are mainly due to the differences in sizes be-
tween the two people, as well as individual performance or stylistic variantions.
In this paper, we address the first of these issues, namely, controlling virtual
humans of various sizes who imitate the action of a motion captured subject.

A subject, called the primary agent, is motion captured executing a specific
action. We are mainly interested in movements involving interactions with other
objects (e.g., drinking from a cup, digging with a shovel, etc.). The imitators,
referred to as secondary agents, try to execute the same action by interacting
with the objects in a similar fashion. As the body sizes and segment lengths of the
primary and secondary agents are likely to differ, the motion imitation may not
be successful or satisfactory. The thesis of this paper is that relationships between
the world, the body, and the end-effectors (hands, eyes) of the primary agent have
been overlooked and are of considerable importance in reconstructing correctly
scaled motions. Often the objects being held are simply wielded for effect, such
as holding a shield or slashing with a sword. Keeping feet in contact with the
ground plane is one frequently encountered problem, but usually only vertical
displacements are moderated: the actual horizontal step position may be input
to inverse kinematics procedures to keep the body from floating or sinking. The
issue of changing the step locations is related to the motion mimicry problem,
but we do not address it here. In this paper, we assume that maintaining spatial
constraints for hands and eyes – such as grasping a cup at the correct place and
bringing it to the mouth for a drink – is more important than maintaining a
similar trajectory or motion style between the various spatial constraints. Style
integration will be considered in subsequent efforts.

Nadia Magnenat-Thalmann, Daniel Thalmann (Eds.): CAPTECH’98, LNAI 1537, pp. 70–82, 1998.
c© Springer-Verlag Berlin Heidelberg 1998



Motion Abstraction and Mapping with Spatial Constraints 71

Several types of motion editing techniques have been developed in the past
few years for different purposes. Some of the techniques [1, 7, 21, 23] use signal
processing methods to edit and modify the actions for the same agent. A few
techniques [6, 15, 18, 19, 22] try to replicate the motions of a person on different
sized avatars in real time. The techniques described in [9, 11] use optimization
methods to modify the original motions in the presence of space-time constraints.
As explained in [9], space-time refers to “the set of all DOF (joint angles and
figure position) over the entire animation sequence.” In [17], a new set of transi-
tion motions are created between two basis motions using space-time constraints.
All these techniques treat the problems of mapping motions to other agents, of
modifying the nature or style of the motions, and of modifying the motions
while maintaining space-time or spatial constraints as separate problems and
solve them individually. In [13], constraint based motions are adapted to other
agents, but they do not consider interactions between objects and self. In [12],
optimization techniques are used to retarget the motions to other agents during
object interaction. But a very simple human model is used and the problem
of visual constraints is not considered. In this paper, we introduce a technique
to automatically recognize such spatial and visual alignment constraints from
captured motions. Maintaining these constraints is the basis of motion mapping
from the primary agent to secondary agents.

The problem of recognizing motion events directly from (synthetic) image
sequences was first studied by Badler [4]. We update these notions to abstract
information about significant events and spatial constraints from 3D motion
captured data. We begin by generating motion for the primary agent from the
motion capture data by using real-time optimization techniques [20, 24] to solve
for the kinematic constraints imposed by the data itself. During the execution of
the action, we use the concepts of zero-crossing and co-occuring spatial proximi-
ties of end-effectors with interacting objects to recognize the spatial constraints.
We then modify the original motion to fit another agent of a different size while
maintaining the same spatial constraints. We also abstract the line of attention
of the primary agent during significant events. We then impose this as an addi-
tional spatial constraint to be solved during motion generation for the secondary
agents. This alignment constraint forces the secondary agent to look at the same
objects. This provides a very natural affect as, in general, people tend to look
at an object while interacting with it [8].

The rest of the paper is organized as follows. Section 2 describes the human
body model and the technique used to derive the motions for the primary agent
from the motion capture data. Section 3 describes the technique to recognize the
spatial constraints and Section 4 explains the method to compute the locations
of the constraints. Section 5 describes the technique to map the motions to
other agents and Section 6 describes a simple technique to recognize the visual
attention of the primary agent. Section 7 presents the results and Section 8
discusses the impact of this approach.
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2 Deriving Motions from Motion Capture Data

We have implemented this technique completely within the Transom Jack R©[3]
software. The human model we use is highly articulated and has 68 joints and
135 degrees of freedom.

The technique introduced in this paper can be applied to data from any
source - motion capture, keyframe or procedural. We have chosen to use only
motion captured data. We use the CyberGlove from Virtual Technologies and the
MotionStar system from Ascension Technology. The CyberGlove has 24 sensors
and generates the joint angles for all the fingers. The MotionStar system consists
of one Extended Range Controller (ERC), one Extended Range Transmitter,
and 12 Bird units, each controlling a single receiver (referred to as a sensor in
the remainder of this paper). The two systems are calibrated separately but
synchronized together to generate data at a frequency of 60Hz.

As a preliminary, off-line step in deriving motions from motion capture data
for the primary agent, an avatar is built to the size of the subject and is calibrated
by placing one of the sensors of the MotionStar system on the lower back of the
subject roughly corresponding to the L5 segment of the spine (sacro-iliac). In the
human model, a corresponding site1 (FOBpelvic) is created in the L5 segment
of the spine. The transformations between the MotionStar reference frame and
the Jack reference frame are calculated by positioning the pelvic sensor at the
FOBpelvic site. All the sensors are then mapped correctly onto the human model
in the Jack environment. Next, using the data from all the sensors for the first
frame, the human model is postured correctly to match the initial posture of the
subject. Finally, sites are automatically created within the human model at the
locations where the sensors lie on the body.

To generate the motions, kinematic constraints are established between the
newly created sites corresponding to the sensor positions on the model and the
sensors themselves. As the sensors move, the human model moves with them
along trajectories computed subject to the constraints [5]. This process easily
creates motions in real-time while interacting with an object for a similarly-sized
avatar. To recreate the same motions for a different-sized agent while maintaining
the spatial constraints, we first need to post-process the data to recognize the
spatial constraints and map the newly derived data to the secondary agents.

3 Recognition of Spatial Constraints

During interactions with objects, the spatial constraints between the agent and
the objects are in general defined by the proximities of the end-effectors and
the objects. End-effectors correspond to sites in the human model that are con-
strained to follow the sensors in the motion capture system. Hence, assuming
that the inverse kinematic routines solve the constraints exactly, the sensors
themselves can be used to keep track of end-effector locations.

1 Sites are oriented co-ordinate triples.
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One method for recognizing spatial constraints is to use fast collision detec-
tion methods [10, 14] between different objects in the environment to compute
the exact time of initial contact. An alternative method (which we use here) is
to compute the spatial proximities of each of the end-effectors with the different
objects in the environment. A spatial constraint is recognized when the objects
first come in contact with each other (in the collision detection method) or when
the computed proximal distance is less than some pre-specified value, ε. It would
be possible, though computationally inefficient, to compute these collisions or
proximities at every frame of the animation. In this section, we describe the
various computational simplifications that we use while still being able to derive
all the necessary information to recognize the spatial constraints.

3.1 Zero-Crossing

In computer vision, zero-crossings of the second derivative are commonly used
for edge detection [16] in static images. For example, the Marr-Hildreth operator
uses the zero-crossings of the Laplacian of the Gaussian and the Canny operator
uses the zero-crossings of the second directional derivative.

In motion analysis, we can use the zero-crossings of the second derivative of
the motion data to detect significant changes in the motion. The zero-crossing
point in a trajectory implies changes in motion such as starting from rest, coming
to a stop, or changing the velocity direction. These events were noted to have
descriptive significance in [4]. When the zero-crossing point also coincides with
an end-effector being proximal to another object, it implies contact of the end-
effector with the object. In motion studies, this further implies that the primary
agent came in contact with the object and suggests creating a spatial constraint
to mark this occurrence. We record the corresponding global location of the
sensor and mark it as a constraint point for the corresponding end-effector of a
secondary agent. The zero-crossings enable us to compute the proximities only
at possibly relevant frames.

3.2 Tracking Sensors

For an action, it is not necessary to track the zero-crossings of all the sensors
on the human model. So, for each action, the user can specify the few specific
sensors that need to be tracked. For example, in drink from a mug, only the
sensor on the hand needs to be tracked for zero-crossings. In all actions, the
sensor on the head is used as a tracking sensor for capturing the primary agent’s
attention.

3.3 Tag Objects

For an action, it is again not necessary to compute proximities of the tracking
sensors with all the objects in the environment. As this entire technique is done
as a post-process of the motion-capture session, the specific objects that are
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involved in the action are already known. Using this knowledge, the user can
specify the few objects in the environment that need to be used for computing
the proximities. To use these, we introduce tag objects.

A tag object is associated with a site, figure, type and status. A 3D object
in our environment can have a number of sites defined on it for various pur-
poses. Each tag object has a tag site associated with it which is actually used for
computing the proximities to the end-effectors. The tag figures refer to the 3D
object (or parts of the 3D object) itself. This enables us to have tag sites which
are not associated with the tag figure. For example, in the action of touch the
table, the tag site may be a site on the sensor used to obtain the position on the
table. But the tag figure would refer to the table itself. We can define tag objects
on parts of the human model, thus allowing us to track body/self interactions.
For example, in drink from a mug, one of the tag objects would refer to the mug
with a tag site defined on the handle of the mug, and another tag object would
refer to the head of the human model with the corresponding tag site defined at
the mouth.

The tag objects may be of different types:

SELF: The tag figure is a part of the human model itself - e.g., head.
FIXED: The tag figure does not move in the environment - e.g., table.
MOBILE: The tag figure can be moved in the environment. e.g., mug.

In examples considered here involving mobile objects, we assume that the agent
interacts with them by grasping or holding them and moving them to another
place. In other words, for at least part of the action, the mobile object is con-
strained to move with an end-effector of the agent. In such cases, the status flag
of the tag object indicates if the tag object is CONSTRAINED to the agent or
if it is FREE.

3.4 Spatial Constraint

The process of automatically recognizing a spatial constraint can be summarized
as follows: For each tracking sensor, Euclidean distances are computed, at every
zero-crossing frame, between the tracking sensors and each of the tag sites. If
any of these distances is less than some predefined value, ε, a spatial constraint is
said to exist between the tracking sensor and the corresponding tag object. The
exact location of the spatial constraint to be used for another agent depends on
the type of the tag object and its status (if it is a mobile object). This is discussed
in detail in the next section. Figure 1 shows the trajectory of the hand tracking
sensor for the example touch the table and Figure 2 shows the corresponding
plots of the distance between the tracking sensor and a tag site (sensor on the
table) and the zero-crossings of the accelerations. It can be clearly seen that a
spatial constraint is established when the zero-crossings coincide with the close
proximity of the tracking sensor and a tag object.
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Tracking Sensor
Tag Figure

t = 4.1sec
      −8sec

start: t=2.7sec

end: t=10sec

t=3.2sec

t=8.6sec

Fig. 1. Trajectory of the tracking sensor in the example Touch the Table

Fig. 2. Plots of spatial proximity and zero-crossings
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4 Determination of Spatial Locations of Constraints

The spatial proximity of each tracking sensor from each tag site is computed at
the zero-crossings of the tracking sensor. If a spatial constraint is recognized as
outlined above, then the global locations of the constraint need to be used as
a constraint location during the secondary agent’s action. The global location
of the constraint is computed based on the type of the associated tag object. If
the tag object is of type FIXED or MOBILE, then it refers to an external 3D
object and the absolute location of the tracking sensor is used as the location
of the constraint. But, if the tag object is of type SELF, then the relative global
location of the tracking sensor is used as the location of the constraint. The
relative global location is computed by taking into account the size (lengths
of the different segments) of the secondary agent. For example, in drink from
a mug, for the first spatial constraint established during grasping the mug to
pick it up, the absolute global location of the hand sensor at the time of first
contact with the mug is used as the location of the constraint. For the second
spatial constraint (of the same action) established during holding and bringing
the mug to the mouth, the relative global location of the hand sensor when the
mug comes in contact with the lips is used. This will cause the secondary agent
to grasp the mug at the same location as the primary agent but will hold the
mug to his mouth correctly, which may be at a different global location based
on the difference in sizes between the two agents.

5 Mapping Motions to Other Agents

Once the locations of the spatial constraints are determined, a combination of dif-
ferent techniques may be employed to generate the movements for the secondary
agent. To generate efficient motions, the optimization techniques described in
[9, 13, 12] may be used. Here, we describe a simple technique to generate the
motions. We decompose the joints in the human body into different kinematic
joint chains (Fig. 3). We consider each joint chain separately. For the set of joints
which are not contained in the same hierarchical chain as any of the tracking
sensors, the joint angles computed for the primary agent may be proportionally
mapped to the secondary agent. This is possible as they do not have additional
constraints imposed on them. All the other joints are driven by the new spatial
constraints computed above. As each joint chain is treated separately, it is very
important to achieve global synchronization between the different joint chains
during the entire action. To do this, we preserve the same timing information
i.e., the second agent takes the same amount of time as the primary agent to
complete the action. In an effort to maintain the same action style (frame-wise
variations in the angular velocity), we modify the speed transform method used
in [1].

To solve for the new spatial constraints, a trajectory has to be traced for each
joint in the chain containing the tracking sensors. For this, we first use inverse
kinematics [20] to solve for the spatial constraints at each of the zero-crossing
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1

2 3 4

5 6

Fig. 3. Sets of joint chains defined in the human model

proximal frames. We then do a linear or spherical linear interpolation in the
joint angle space for each time period defined between any two successive zero-
crossing proximal frames. The interpolating factor ŝ is derived by computing
the normalized distance moved in the joint space by the primary agent at each
frame during the corresponding time period:

s =
∫ t

0

|θ̇(τ)|dτ (1)

where t is time, s is the angular distance moved along the trajectory, and θ̇(t)
is the velocity vector of the joint. The data is normalized along the trajectory:

ŝ =

∫ t

0
|θ̇(τ)|dτ∫ tend

0
|θ̇(τ)|dτ

(2)

where tend is the duration of the basic period. These interpolating values help
maintain the angular velocity profile of the primary agent during the course of
the action and is independent of the difference in spatial distance covered during
each time period by the two agents.

6 Visual Attention Tracking

Capturing and maintaining visual attention is very important for movement
realism in the secondary agent. Without it, actions appear unnatural even if
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all the other constraints are correctly satisfied. For example, while picking up
an object, the secondary agent would look extremely unnatural if she looked at
some other point in space. Here, we use the above technique to easily address
the visual attention constraint.

During interaction with objects, we tend to always look at the object that
we are interacting with (at least when we first come in contact with it). This
direction is automatically captured for the primary agent by the sensors on
the head. If we naively map head motions of the primary agent to a different
secondary agent, this gaze direction will be lost and cannot be re-captured by
simple signal processing techniques. Instead, we define the sensor on the head
as a tracking sensor. The zero-crossings in the acceleration space of the head
sensor indicate a change in gaze direction or indicate gaze at a specific point in
space. During these zero-crossings, we check for visual attention constraints by
using the line of sight of the agent. For efficiency, we compute the intersections
of the line of sight with the bounding boxes of the tag objects only. If there is
any tagged object in the direction of the line of sight, the global location of the
point of attention is calculated and used as the visual (alignment) constraint for
the secondary agent during its motion computation. We use a head-eye tracking
model to solve for the joint angles in the eyes, head, and neck at the gaze
direction zero crossing frames. For the remainder of the frames, we use joint
angle interpolation while maintaining the angular velocity profile as outlined
above.

7 Results

We have tested this technique by mapping the actions of an adult to the virtual
model of a nine year old child. We have captured touching a table which involves
only a FIXED tag object and drinking from a mug which involves a MOBILE ob-
ject. In both cases, we were able to successfully recognize the spatial constraints
and map the motions correctly to the second agent. Of these, the example of
drink from mug is more complicated and we discuss this in detail here.

In the example of drink from mug, the primary agent bends over, picks up
a mug from the table, drinks from it and places it back on the table. Figure 4
shows the the plots of the trajectories of the hand end-effector of the secondary
agent before and after abstraction. Before abstraction, the trajectory obtained
is the result of direct mapping of the joint angles of the primary agent to the
child model. It can be clearly seen that the constraint of picking the mug can-
not be satisfied. But after the automatic recognition of spatial constraints and
subsequent remapping of the motions as outlined in this paper, the motion of
the secondary agent is corrected as can be seen by the modified trajectory.

Figure 5 shows the various stages of the drinking motion as captured for the
primary agent. Figure 6 shows the various stages of the drinking motion after
abstraction and mapping have been applied.
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New trajectory after abstraction

Initial trajectory before abstraction

Fig. 4. Trajectory plots of the secondary agent’s hand end-effector (correspond-
ing to the tracking sensor on the hand of the adult) before and after abstraction

8 Conclusion

We have presented a new technique to automatically recognize and map spatial
and visual constraints to other different sized virtual humans. This could be
the basis of a very useful tool for motion capture and animation that enables
automatic semantically consistent modification of captured data involving inter-
actions with space and self. The potential exists for extending this technique to
real-time (on-line) execution.

We have used simple interpolation techniques to generate the trajectories. We
currently do not consider collisions of the new trajectory with other objects in
the environment. For example, there is a possibility of collision of the secondary
agent’s hand with the table while reaching for the mug although there was no
collision in the path of the primary agent’s reach. This could be easily modified
by imposing additional constraints during the trajectory generation [2].
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Abstract. Simulation of natural human movement has proven to be a
challenging problem, difficult to be solved by more or less traditional bio-
inspired strategies. In opposition to several existing solutions, mainly based
upon deterministic algorithms, a data-driven approach is presented herewith,
which is able to grasp not only the natural essence of human movements, but
also their intrinsic variability, the latter being a necessary feature for many
ergonomic applications. For these purposes a recurrent Artificial Neural
Network with some novel features (recurrent RPROP, state neurons, weighted
cost function) has been adopted and combined with an original pre-processing
step on experimental data, resulting in a new hybrid approach for data
aggregation. Encouraging results on human hand reaching movements are also
presented.

1 Introduction

Human interaction with such complex systems as working places, driving seats, or
cockpits is more and more asking for designers to face both the human-machine
compatibility ("industrial ergonomics"), and the efficiency of the overall engineering
system. Because of the rising costs in product development, the market is issuing a
growing demand for advanced CAE / CAPE tools, capable to assist the product
designer in evaluating the human behaviour under several perspectives. In particular,
the correct simulation of pseudo-human movements in virtual environments could
help designers to assess the suitable ergonomic variables and their influence on some
product features. This gives the opportunity to avoid both the construction of physical
mock-ups and the execution of long experimental runs on real people at an early
design stage.

Some commercial software packages are able to perform pseudo-human
movements that fulfil visual requirements on the computer screen. They usually rely
upon deterministic algorithms, mainly based on cost/energy strategies [9]][15], in
order  to  control the related kinematics and/or dynamics. These approaches, however,
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cannot match several requirements for industrial ergonomics because of two main
drawbacks:

Þ  firstly, the intrinsic variability of human tasks, as well as its dependency on
relevant ergonomic factors, are very hard to be modelled by means of a
deterministic approach;

Þ  secondly, the reliability of higher-order inferences based on virtual movements
should rely on some experimental evidence, together with a suitable error metrics.

For the above reasons, this work proposes a methodology based on the inference of
each pseudo-human (i.e. virtual) movement, starting from a sample database of real
ones, previously logged by means of a dedicated data acquisition system, described in
paragraph 3.

The nature of the problem suggested a two step methodology. In fact raw data are
affected by a variability which has a twofold source:

a) an implicit component - related to the intrinsic variability of human behaviour in
the accomplishment of the same task - and also affected by “ergonomic” factors,
i.e. physical and mental ones alike.

b) an explicit component (independent from psychophysical factors), mainly related
to changes in anthropometrical quantities among different individuals.

As to the latter point, it is clear that different samples can be gathered into a unique
experimental evidence, provided that a standard mannequin is adopted. Therefore,
each real movement is not directly fed to the ANN, but it is previously transformed
into a set (or sequence) of instantaneous states (or postures) of a parametric
biomechanical model. The transformation procedure at the basis of the adopted
methodology also allows to estimate the uncertainty associated to the biomechanical
model parameters. These topics are described in paragraph 4.

As to the former point, an artificial neural network (ANN) with some novel
features (resilient propagation – RPROP -, state neurons, weighted training) is
adopted to learn the way humans perform elementary tasks.

An application of this data driven approach to a simple experimental case is also
given, which proves that the proposed data analysis could be afforded without any
underlying hypotheses about the human dynamics. In fact, data collected from a series
of trials concerning point-to-point reaches performed by a single person are
examined, and elaborated according to the presented methodology. Results are
showed in paragraph 6.

2 The Hybrid Methodology

In case of complex systems it is hard to adopt detailed models describing every
feature of the former. Even more difficult might be to assess all the system parameters
by means of a set of direct and independent measurements, as the specific context
could affect any identification methodology of the very parameters.

In principle, raw data could be completely interpreted by means of an ANN: the
latter could learn structural (i.e. anthropometrical) relations among raw data, as well
as general cinematic behaviour and their dependency from environmental and
ergonomic factors. Anyway the two faces of the same problem should better be de-
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coupled upon availability of an explicit model for cinematic relations only [3]. This
hybrid approach is justified by a set of reasons, listed below.

The ultimate purpose of this work is to reproduce a realistic simulation of human
movement by means of a virtual mannequin implemented in a CAD environment, in
order to perform several analyses (working space, postures, collisions, etc.). The
mannequin obviously imposes its own geometric relations, thus giving rise to
unavoidable discrepancies between the mannequin movements and the information
got back by the ANN (based on raw data, whatever real test they may represent).

Since the biomechanical features of the person under test are known in advance,
there is no use to make recourse to neural computation in order to determine those
constraints imposed by geometric relations among the marker locations, which – in
case of tests performed on a single person – are fixed throughout the whole set of
experiments. Otherwise, the ANN would be indirectly charged with the target of
modelling those time-invariant relations that have a different nature from other time-
dependent relations and factors mentioned above.

Another reason arises from the fact that, in case of tests performed on more
individuals, relative raw data cannot be directly compared and used to train the same
ANN: as a matter of fact, the constraints imposed by geometric relations among the
marker locations would be different from person to person, and would ask for further
integration to the neural computation.

For both cases, given any other set of conditions, a demand for wider integration
would negatively reflect on the total uncertainty of the ANN prediction.

As to what has been stated above the sampled raw data are first used to evaluate
the parameters of an explicit model for the structural relations among marker
locations. The fitting model is used to define a referring posture at every time step,
which in its turn is identified by the set of model state variables (i.e. angular values of
rotational joints). In such a way, raw data are transformed into a sequence of values
for such variables, representing the information quota strictly related to the dynamic
characteristics of human movements.

3 The Data Acquisition System

In order to get the human kinematics data, we adopted the ELITEÒ  system [7] which
allows, through real time processing, to automatically detect small retro-reflective
markers arranged onto human subjects. This TV camera-based motion capture system
guarantees very high accuracy even if small markers are used (1/3000 of the field of
view over all the working volume and 1/20000 of the field of view locally). The
following paragraphs describe the system and how it is operated.

3.1 ELITE System

The innovative feature of the ELITE system is the marker detection hardware, which
utilises the shape and size of the markers rather than only their brightness. This
characteristic makes the system easy to use, with respect to others, even in sunlight
and is the reason for ELITE’s very high measurement accuracy. The architecture of
the system is hierarchically organised on two levels.
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The lower or first level includes the Interface to the Environment (ITE) and the
Fast Processor for Shape Recognition (FPSR). The higher or second level is
implemented on a personal computer (IBM AT compatible with 386, 486 or Pentium
processors).

First level
The ITE normally includes passive markers of dimensions selected according to the
field of view (about 5 mm on a 2 m field of view), composed of a thin film of retro-
reflective paper on plastic hemispheres. Moreover, ELITE system gives possible to
acquire surface features with great accuracy by a laser beam; the reflection/scattering
of the laser on the body is recognised by the system as a marker. Pointing the beam,
the surface is completely explored; assuming that the surface is stationary, all the
collected co-ordinates are used to describe mathematically the surface.

The TV cameras (solid state CCDs which allow the best definition of the images)
with a sampling rate of 100 Hz also belong to the ITE.

The second block of the first level, the FPSR, constitutes the core of the system
and performs the recognition of the markers and the computation of their co-
ordinates. The FPSR computes in real time a two-dimensional cross-correlation
between the incoming digitised signal and a reference mask and drives the ITE with
synchronisation signals. The mask is a 6x6 pixel matrix and is designed to achieve a
high correlation with the marker shape and a low one with the background [6].

After correlation, the first level sends to the computer the 2D co-ordinates of the
over threshold pixels as recorded during the acquisition of the subject

Second level
The second level performs a high level processing: 2D calibration (camera
calibration), 3D intersection and further processing such as filtering, derivatives
computing, modelling, etc. Between the first and the second level (albeit software
implemented in the computer) a further step is carried out. By using a co-ordinate
enhancement algorithm, taking into account the cross-correlation function, the 2D
resolution is increased to 1/65000 of the field of view [5]. This is achieved by
computing the centre of gravity ( cx and cy ) of the over-threshold pixels (of co-

ordinates jix ,  and jiy , ) belonging to the same marker weighted by the cross-

correlation value ( jiR , ). This processing relies on the fact that the closer it is the pixel

to the true marker centre; the higher is the value of the cross-correlation function.

System calibration
The system calibration consists of two steps required to achieve 3D reconstruction
(space intersection): camera calibration and space resection (localisation of cameras in
space). The accuracy in this phase is very important as it influences the subsequent
processing of the acquired data. The co-linearity equations represent a mathematical
model of the cameras, which relates the 2D target co-ordinates of marker projection,
the 3D co-ordinates of the marker in the space and the stereogrammetric parameters
[17] (the six spatial camera co-ordinates and its three internal parameters):
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with:
0X , 0Y , 0Z  - TV camera location (3D co-ordinates of the perspective centre);

i,jm  - nine director cosines, which are function of the camera rotation angles with

respect to an absolute reference system: W , F , K  (pitch, yaw, roll);
0x , 0y  - TV camera principal point co-ordinates (intersection of optical axis and

image plane);
c  - focal length;
X , Y , Z  - 3D co-ordinates of the surveyed point;
x , y  - 2D target co-ordinates of its projection.

0X , 0Y , 0Z , W , F , K  are named external geometrical parameters; 0x , 0y  and c

inner parameters.

In the real situation the quantisation stochastic error, introduced by the measuring
system and optical distortions (systematic error), has to be considered.

The approach to space resection, to determine the geometrical parameters in
equations (1a) (1b), is based on the classical iterative least-squares estimation
extended to the inner parameters which allows the maximum freedom in TV cameras
positioning and setting. By surveying a set of points of known co-ordinates (control
points of co-ordinates X , Y , Z ), it is possible to write the couple of equations (1a)
and (1b) for each of them. All these 2N equations (with N equal to the number of
control points) can be arranged in a non linear system, which can be solved after a
linearisation around a suitable starting point. In order to obtain the number of control
points required (at least 5 not lying on a plane), without having to spend much time to
compute their 3D co-ordinates, the control points have been located on a plane grid,
which is shifted according to reference locations placed on the floor. Very precise
measurements are required only once, when the markers are put on the grid and the
references on the floor are located, so every time that the system set-up has to be
changed, little time is required to calibrate it.

The determination of the parameters for the correction of the optical distortion
errors is realised with the acquisition of a grid of markers located on a plane, which is
parallel to the sensor and at such a distance to fill it. By the deformation of the meshes
of the grid, the coefficients of suitable quadratic functions are computed. These

functions applied to the points of each mesh compensate the deformation [7].
This type of calibration can be referred as virtual rather than physical; in fact the

distance between the grid and the camera, grid dimension and focal length need not to
be known. The co-ordinates are expressed in pixels and not in target physical units.

Once the stereogrammetric parameters have been estimated, space intersection can
be carried out. The two straight lines conveyed through the cameras perspective
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centres ( ic ) and 2D image projection ( ix , iy ) are considered; the co-ordinates of the

middle point of the minimum distance segment between the lines are assumed to be
the co-ordinates of the reconstructed point ( X , Y , Z ).

The system local accuracy has been evaluated and the maximum error found with

respect to the true value was 1/24000 of the diagonal [12] of the calibrated volume.

4 The Generalized Biomechanical Model

The proposed structural model, in its overall form, consists of a cinematic chain with
G  segments and M  joints, and with a total number of D  degrees of freedom (DoFs).

A local reference system (LRS) is attached to each segment jS  in order to

reconstruct its position and orientation in the space.
Denote with jL  and wL  the LRSs corresponding to two consecutive segments,

respectively jS  (descendent) and wS  (parent). If j
kP  is a column vector specifying the

homogeneous co-ordinates of a generic point k  in jL , the vector w
kP , specifying the

homogeneous co-ordinates of the same point in wL , can be calculated as:
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where ( jx , jy , jz ) are the co-ordinates of the origin of jL  with respect to wL  and
w
jR  is the rotation matrix of jL  with respect to wL .

By identifying the origin of each LRS with the rotation joint centre that links the
current segment with its parent, the co-ordinates ( jx , jy , jz ) allow for the straight

recover of the distances between joint centres, that is the anthropometrical lengths or
structural parameters of the biomechanical model.

Now denote with 0S xS yS  ... wS jS  the polygonal that belongs to the cinematic

chain starting from the root, up to the segment jS , where the elements of the

polygonal are selected according to the topology of the current chain. The laboratory
homogeneous co-ordinates kT , of a checkpoint k integral to the anatomical segment

jS , can be recovered starting from its local homogeneous co-ordinates j
kP , with

respect to jL , as follows:

j
k

w
j

x
yxk PAAAT ...0=

(3)

where the elements in eq. (3) are again selected according to the topology of the
current chain. From the homogeneous co-ordinates kT  it’s easy to obtain the

laboratory co-ordinates kt  by selecting the first three elements of the array.
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The biomechanical model establishes clear-cut hypotheses as to the nature of raw
data before processing takes place. That is:

1. All the checkpoint positions measured on the same individual during the
same experimental session derive from the same instance of the
biomechanical model, which means that the model structural parameters are
time-invariant i.e. the anthropometrical lengths and the local markers
position cannot vary among frames of the same movement.

2. For this reason the fitting procedure performs an inter-frame estimation
treating each movement as a whole; however intra-frame estimates, coming
from the acquisition process, are used as initial guess to speed up
convergence.

No hypothesis about the position of the joint rotation centres is needed.
Discrepancies between measured and virtual markers' positions are mainly owed to

random errors affecting the measuring system.
Of course the biomechanical model is not perfectly faithful. Strictly speaking there

exist no “true” values of its structural parameters and DoFs. However “optimal” (i.e.
maximum likelihood) values can be found through a suitable fitting procedure
provided that a noise model is given.

4.1 Model Fitting

Given the checkpoint trajectories, the problem of solving the biomechanical model
structural parameters and states is tackled as a statistical inference problem. The
model is characterised by G  free structural parameters jh  (segments lengths: pelvis,

trunk, clavicles, arms, legs,…), M joints and D  degrees of freedom li,ω  (rotation

computed for G  reference systems angles and translation co-ordinates of the LRS
attached to the root with respect to the laboratory system). Further unknowns are the
locations kp  of the checkpoints with respect to the LRSs.

By denoting i  as the posture index, k as the marker index, i,kt  as the laboratory

co-ordinates of a checkpoint k in the posture (calculated by means of eq. (3)), the
expected value ( )ki,E y  of the measured data ki,y  is related to the quantity i,kt as

follows:

( ) kiki, ,E ty = (4)

If the errors ( )ki,i,k ty −  are independent and normally distributed with a standard

deviation ki ,σ , the statistical process can be stated as an optimisation of the likelihood

function expressed by the following relationship:
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Three kinds of parameters (i.e. quantities whose optimal values have to be found
through the fitting procedure) are included therein:

1. Lengths of anatomical segments jh .

2. Checkpoint positions kp  in each LRS.

3. Rotation angles and translation co-ordinates li,w .

By denoting with il  a generic parameter included in the previous listed class

(hereafter denoted with L ), the set of values o
n

o
i

oo lll ,...,,...,1=L  that maximise the

cost function L  represent the set of maximum likelihood estimates for the set of
parameters L .

However, most elements of the roto-translation matrices are set in advance. Their
values fix additional structural constraints. For example, some joints have less than 3
associated DoFs. Moreover, some critical checkpoints are used to identify reference
frames of relative reference systems. In this way such critical frames - associated to
critical checkpoints - are time-invariant. Provided that such critical checkpoints are
carefully positioned on the body, the same “physical” meaning of joint angles could
be preserved also across different individuals.

After the fitting phase checkpoint positions loose their usefulness. The relevant
informations inherited from the original experimental evidence, together with the
structural hypotheses, are summarised into the optimal values of all the other
parameters.

To optimise the cost function L  an iterative algorithm has been used, i.e. given
trial values for the parameters, a procedure that improves the trial solution has been
developed.

At each step, the searching direction is obtained by using the Levenberg and
Marquardt’s method [11], to proceed smoothly between the extremes of the inverse-
Hessian method and the steepest descent method [13].

4.2 Uncertainty Estimation

The proposed approach is intended to supply, together with the anthropometrical
parameters and joint angle estimates, the probability distribution of the estimators and
then the data training uncertainties, linking the data acquisition phase with the neural
processing in a consistent way.

In fact, without training data uncertainty estimation we incur in several drawbacks.
The main are:

The learning procedure cannot weigh in a suitable way the information that data
carry with them.

We could not estimate neural network performances because the output data
uncertainty depends on data training uncertainty.

Denoting with rl , sl  two generic parameters belonging to the set L , it’s possible

to define the elements of Fisher’s matrix F  as follows:

( )srsr ,, E " ¢¢-=F (6)
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where ( )Lln="  is the logarithmic likelihood function and 
sr

r,s ll¶
¶

=¢¢ "
"

2

are second

derivatives of "  computed in the maximum likelihood point oL , L˛" sr ll , .

Using asymptotic properties of maximum likelihood estimators the covariance
matrix of the estimates can be expressed [2] as 1-= FC , where:

( )kikic ll ,cov, =  is the covariance between the estimated parameters il  and kl ;

( )iii,c ls 2=  is the variance of the estimated parameter il .

5 The Neural Network

Contrary to previous works, which rely on explicit assumptions about some relevant
features of movement [4][8][15], our neural model is essentially based on the mere
description of the problem itself.

We can represent the desired network behaviour as a discrete-time mapping:

( )yxxxx ,,...,,F 21 innnn ---= (7)

being nx  the position of the anatomical point of interest at the n-th time step, F  a

generic non-linear function; i  the number of previous positions to be taken into
account; y the set of “exogenous'' inputs that describe the task to be performed; that
is, for reaching movement, the desired initial and final positions of the forefinger tip,
together with the duration T  of the movement of the effector.

In this way we allow the network to learn how duration affects the shape of the
trajectory as well as the velocity profile. This reformulation of the problem, that is the
determination of the appropriate mapping F , finds its immediate neural counterpart
in a recurrent autoregressive network. Supervised training can then be accomplished
by means of - for instance - the popular BackPropagation Through Time (BPTT)
algorithm [16]. A second-order regression scheme (i.e. with 2=i ) allows the
network to “sense'' both the velocity and the acceleration of the marker. This leads to
an almost complete definition of the outer architecture. The insertion of a single
hidden layer with full connectivity simply meet a parsimony requisite (Fig.1).

This kind of network could easily learn more general (i.e. non time-invariant)
mappings. To this purpose some “floating'' state neurons are added to the output
layer; their responses are fed back to the hidden layer according to the same second-
order scheme.

During the training phase the recurrent network has to be unfolded in time in order
to compute the error signals coming from all the points of the trajectory. It therefore
becomes like a huge multi-layer perceptron with massive weight sharing, whose depth
depends on the duration of the movement. Because of that gradient components are
likely to span a very large dynamic range both across weights and training epochs.

We therefore adopted an advanced weight updating policy known as Resilient
PROPagation (RPROP) [14]. Here each weight has its own adaptive learning rate.
Moreover, whenever a weight is updated, the corresponding gradient determines only
the sign of the change, whose absolute amount is instead completely dictated by the
learning rate itself.
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Fig. 1. Neural network topology

6 Experimental Tests

The first step to be taken in order to test the feasibility and reliability of our
methodology was obviously to design a simple but meaningful experimental case. A
great deal of work has been carried out on point-to-point reaching movements, so that
deep insight has been gained in their main cinematic features [4][15]. We chose our
test case accordingly, while adding some constraints to make it both more complex
and closer to real working tasks: a subject sitting in front of a desk was required to
touch 6 marked points lie on the table with his forefinger tip in a sequential fashion.

We surveyed the behaviour of a dextrous individual belonging to the 50° percentile1

male.
Unlike fully unconstrained reaches, the presence of the desk prevented the subject

from moving his hand along a straight-line path, forcing him to perform three-
dimensional paths.

We acquired through the ELITE system [7] the positions of 29 passive markers
placed on the body partition upper from the pelvis. Figure 2 represents three-

                                                          
1 Generally speaking, in the ergonomic analysis, the population is supposed to be normally

distributed with respect to the random variable height and subdivided in percentiles with the
1% of extension. Often the studied percentiles taken in account are the 95th and 50th male,
the 5th female. For example, the 95th percentile male means that 95% of the male people are
smaller than this model, and that 5% of the male are larger.
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dimensional markers’ trajectories in a stick model form; they were registered during
an elementary left arm movement in a single test.

Fig. 2. Movement capture

About 200 elementary reaching point-to-point movements were sampled at a rate of
50 Hz.

6.1 The Adopted Biomechanical Model

A biomechanical model, i.e. the identification of anatomical district, the definition of
local reference systems and the identification of the anthropometrical lengths of
interest, was defined.

The proposed model included 11 anatomical district, 11 joints and 30 Dof (degrees
of freedom). The 11 anatomical district were:

- the pelvis (1) characterised by 6 Dof (root of the bio-mechanical model);
- the trunk (2) characterised by 3 rotational Dof;
- the head (3) characterised by 3 rotational Dof;
- the clavicles (4, 5) characterised by 2 rotational Dof each;
- the arms (6, 7) characterised by 3 rotational Dof each;
- the forearms (8, 9) characterised by 1 rotational Dof each;
- the hands (10, 11) characterised by 3 rotational Dof each.

Each anatomical district was considered as a rigid body and, for each one of these, a
LRS was defined.

The anthropometrical measures of interest were:

- the pelvis height: the distance between the pelvis and the trunk rotation centre.
- the trunk height: the distance between the trunk and head rotation centre.
- the right (left) clavicle length: the length of the segment between the neck and

right (left) shoulder rotation centre.
- the right (left) arm length: the length of the segment between the right (left)

shoulder and the right (left) elbow rotation centre.
- the right (left) forearm length: the length of the segment between the right (left)

elbow and the right (left) wrist rotation centre.
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To reduce the computational load and data processing effort, the designed model was
recovered by using 26 markers.

6.2 Data Elaboration

Data provided from ELITE system were 3D co-ordinates of the markers placed on the
body landmarks. In order to extract the quantities needed for the neural network
training, an elaboration flow was designed.

The first step needed to properly condition raw data is strictly connected with the
acquisition phase. By mean an intra-frame fitting procedure, preliminary values of the
biomechanical parameters were carried out taking into account some heuristic about
the nature of the task.

However the biomechanical model was not perfectly faithful to the human subject,
a fitting procedure to determine its optimal parameters occurred. Starting from the
previous guesses, by an inter-frame Maximum Likelihood estimation [3], we
computed the value of the structural and angular quantities with the related
uncertainty. This step of processing was based on the natural assumption that the
measures acquired during a single experiment were drawn from a unique instance of
the biomechanical model (time invariance of the anthropometrical length). The error
introduced by the model was evaluated in terms of spatial distance among its “virtual”
markers and the “real markers” placed on the surveyed subject; this discrepancy was
assumed normally distributed.

The representation of the human body by means of an explicit cinematic model
permitted to decouple the structural aspects of the movement from the proper
underlying dynamics. Starting from the estimates carried out at the previous step, we
consistently propagated this information to obtain the effector trajectory and its
correspondent uncertainty at each time. However we forced the structural parameters
to be equal to those identified, considering only joined probability distributions of the
angular quantities.

Analysing the obtained movements we noticed that each one was surrounded by a
random number of leading and trailing frames in which the subject was substantially
still. Obviously, no autoregressive model could be expected to be robust against such
unpredictable behaviour. It was therefore mandatory to identify the actual start and
end frame, identifying at the same time the correct duration of the movement. We
accomplished this in two different ways: that is, by imposing a threshold on velocities
and by fitting bell-shaped time functions to both the trajectory and the velocity
profile. The two approaches gave similar results.

Data representation turned to be another critical issue. We assumed that the initial
posture determined the qualitative features of the movement. In order to take into
account this aspect, which appeared biologically plausible, we expressed the effector
position with respect to the initial position of the pelvis (root of the cinematic chain).
On the contrary, the choice of expressing effector positions w.r.t. the moving pelvis
gave rise to synchronisation problems between the movements and was
experimentally proven to be subject-dependent, leading to convergence problems or
unnatural constraints: for those reasons it was abandoned.

Moreover, in order to take into account the prior knowledge about the relationships
between start and end point, we represented them by a two-dimensional reference
system defined on the working bench.
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Then we proceeded with an undersampling (down to 25 Hz) to substantially speed
up training while keeping an adequate time resolution.

We finally performed a numerical normalisation to bring the values of the inputs
and outputs within the range [0,1].

There was one sensible point pertaining to this process, as the different data sets
should better be normalised with respect to themselves: this in turn brought to a
clustering with two different classes, A and B, so divided: exogenous inputs (class A),
recurrent inputs (class B), outputs (class B).

This dissection of input data takes into account the fact that recurrent inputs are
ANN outputs, and therefore are not homogeneous with exogenous (contextual) inputs.
We observed substantial differences between the performances of the nets trained
with and without this distinction in mind.

6.3 Some Results

In order to test the whole methodology, differently from the past work [1] in which
only raw data were involved, we decided to focus on the training problem in presence
of a unique neural topology.

We adopted a topology with 5 hidden and 2 state neurons (5 outputs). Two
networks were compared: the former was trained without taking into account the
uncertainty of the effector trajectories, on the other hand the second one was trained
weighting the learning set with its uncertainty. As it can be seen from figure 3 and
figure 4, in both cases the learning behaviour showed a monotonic tendency, with a
good error decrease. RPROP really boosted the convergence speed and relieved us
from any careful tuning of learning parameters.

Fig. 3. Learning without uncertainty
weighting

Fig. 4. Learning with uncertainty
weighting

However, no simple numerical index is known to express how natural a movement is.
A first qualitative test on the generated movements can be given by a comparison
between the real recorded movements with the outputs of the nets: see, as examples of
trajectories, figure 5 and figure 6. Dashed lines represent neural predictions.

Even though in principle the knowledge of movement duration allows to stop the
production phase when needed, nevertheless this should not cause a sudden variation
in velocity. In our networks, the movement really stops at the target endpoint (see
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velocity profiles: figure 5 and figure 6); on the base of the analysis of the state
neurons’ output we think this is due to a sort of “counting action'' performed by them.

Fig. 5. Movement generation without uncertainty weighting

Fig. 6. Movement generation with uncertainty weighting
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Due to data poorness, we used a “leave-one-out'' strategy, validating the network
with couples of movements extracted from the total training set. Apart from
fluctuations fluctuations, most movements well validate the nets, giving about as
twice the error as patterns in the respective training sets. Even more important than
trajectory similarity, the velocity profiles (figure 5 and figure 6) are close to each
other, and the learned profiles have the same bell-shaped feature reported in literature
[10]. Therefore the nets have learned quite a lot of the features that other model-based
approaches use as a criterion of good performances.

An important result clearly emerges comparing the predictions of the two nets
together with the real markers’ positions: even if sometime no-weighted training leads
to a best fit of the natural data in Euclidean sense, the net trained with uncertainty
estimates present always a more biologically plausible smooth behaviour. This fact
put in evidence the capability of learning intrinsic features of human movement, even
if in presence of the non-uniform noise introduced by the model and by the
acquisition equipment.

7 Conclusions and Future Developments

In the field of neural network design scholars usually draw a crisp distinction between
the Neurobiologic (i.e. bioinspired, neuromorphic) standpoint, where explicative
models of neural computation are built, and the Engineering standpoint, more
application-oriented, where ANNs are seen as tools to perform generic complex tasks.
The same dichotomy can be extended to the study of human motion as well. In this
case the usual “bioinspired” view of explicative and generative models (torques,
sensorimotor integration) aims at gaining deeper insight in human motor behaviour.
On the contrary, our work joins an application-oriented perspective; its main purpose
is to take the intrinsic and irreducible variability of human movement as it is. This
becomes a great source of information that allows to compute the value of any
ergonomic index and, more generally, to draw any higher-order inferences.

Previous paragraphs show the reliability of our ANN data-driven approach to
human movement generation. We fixed a methodology tailored to relieve ANN core
from the burden of any kind of structural identification. This method appears more
flexible and no model is embedded.

We use MLPs, checking the predictability of the movement in term of
expectations. Good generalisation capabilities have to be remarked, even if in
presence of data poorness.

Future perspectives mainly concern the opportunity of comparing different
individuals of the same population. Therefore a normalisation procedure is needed in
order to compare subjects of the same population. To normalise the movement
produced by a human subject means to transform his movement in an equivalent
movement for a “virtual average individual” (a biomechanical instance hereafter
called archetype) of the tested population. The normalisation procedure should occur
for every movement collected. The result of the normalisation procedure will give a
set of angular position identifying the state of the anthropometrical model through a
postural representation independent from the anthropometrical lengths of the fitted
model.
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In order to reduce uncertainty, the proposed methodology could include a
clustering procedure of the performed test into anthropometrical classes gathering
suitable percentiles of the overall population. Each class will be represented by its
archetype. In this case the archetype will represent the overall individuals of each
class.

Given an “experimental” instance of the biomechanical model, two closely related
questions will arise:

1. To which class does the instance belong?
2. How much do residual discrepancies increase if the optimal lengths of anatomical

segments are replaced by the standard values of the proper class?

The common answer is that the “right” class will be the one where residual
discrepancies increase by the least amount.

If optimal lengths of anatomical segments will be affected by different
uncertainties, the “right” class could not even be the one corresponding to the closest
standard instance according to the Euclidean metrics. For these reasons the
asymptotic properties of Maximum Likelihood estimates, uncertainties, or better the
covariance matrix, will be essential to standardise any “experimental” instance in the
correct way and, at the same time, to assess the degree of sub-optimality induced by
the standardisation itself.

New involved aspects about the simulation of the postural behaviour became
visible. The possibility of learning cinematic time sequences of clustered individuals,
weighted by their joined uncertainties, appear very interesting.
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Abstract. This paper is concerned with the post-processing of motion-
captured data. The post-processing is needed for several reasons: jerky
motions due to sensor noise, violation of body constraints such as ex-
traneous joint D.O.Fs, generation of new motion by editing existing mo-
tion data, and application of a motion to different character models. In
this paper, the process of generating animated motion is viewed as a
dynamic system, which takes the captured motion as input. Within a
single Kalman filter framework, we were able to handle the following
problems effectively: satisfaction of physical constraints inherent to hu-
man body, user-specified kinematic constraints, motion transition, and
noise reduction.

1 Introduction

Motion capture is a method of recording human body movement (or the move-
ment of any articulated object) for immediate or delayed analysis and playback
of the recorded motion sequence. Motion capture for computer character anima-
tion involves the application of human motion onto the computer character.

The captured motion data is usually represented by a sequence of sampled
positions for each body part, or by a sequence of joint angle values (which is
typically obtained from the sampled data through the inverse kinematics). Before
applying the raw motion data to the computer character, one would like to edit
the motion for several reasons.

First, a captured motion is subject to the sensor noise which results the jerky
motions. Although most motion capture systems are equipped with some kind of
smoothing filter [1], such filters hardly guarantee that the filtered motion is the
exact replica of the actual motion, satisfying the physical constraints of human
body.
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Second, most captured motion data tends to add extraneous degrees of free-
dom which the actual motion would never have undergone, thereby producing a
quite unnatural motion. This is due to the registration error and/or the modeling
error. Rose et. al. attempted to remove the fictitious motions by an optimization
procedure which minimized the angular and positional deviations between the
internal human model and the captured data [2].

Third, there is the need for generating a various classes of motion from a
set of pre-captured motion data, or the clip-motions. A new motion can be gen-
erated by concatenating, blending and altering the existing clip-motions. Sev-
eral researchers have proposed the techniques for editing the captured motion
[1, 2, 3, 4, 5, 6]. Witkin and Popovic represented the motion data with a set of mo-
tion curves, each giving the value of one of the model’s parameters as a function
of time [3]. They then proposed the so-called motion warping technique to warp
each motion curve. Bruderlin and Williams proposed motion multi-resolution
filtering, motivated by the following intuition: low frequencies contain general
gross motion patterns, whereas high frequencies contain details, subtleties, and
noises [1]. They treated the motion parameter as a sampled signal which repre-
sents the value for a particular D.O.F. too. As mentioned in [3], the techniques
for editing the motion curves are purely geometric ones, not incorporating any
knowledge of the physical motion. Consequently, the edited results are prone
to violate the physical constraints of human body. Rose et. al. developed an
algorithm that generated the motion transitions semi-automatically [2]. They
used a combination of spacetime constraints and inverse kinematic constraints
to generate the transitions between segments of animations. However, since the
algorithm was formulated with a dynamics formulation to solve the spacetime
constraint and inverse kinematic optimization, it could not generate the motion
in real time.

Fourth and lastly, since each character model has different proportions, mo-
tion data should be compensated for geometric variations from one model to
another [7]. This issue will not be treated in this paper even though the ability
to adjust the motion data automatically is very important.

In this paper, we present a novel approach that handles the fore-mentioned
problems effectively. Motion generation from the captured data is viewed as a
dynamic system whose input is the captured motion data, and the output is the
motion parameters to be used to activate the animated character. As such, noise
removal (which is the primary reason that most dynamic system is designed for),
motion constraint satisfaction and motion concatenation can be handled within
a single, unified framework. Namely, in addition to handling the sensor noise,
the proposed method allows an easy integration of physical constraints (such as
the angle limitation and the D.O.F. of joints) into the system “filtering”. In the
course of processing the motion data, the predicted motion from dynamic model,
the captured motion and the constraints all contribute to the resulting motion.
Since our formulation enables the motion generation in real time, the method is
not limited to off-line post-processing purposes. It could be useful for real-time
applications such as digital puppetry.
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The remainder of the paper is organized as follows: Section 2 describes the
modeling of human body and instantaneous motion using the Kalman filter.
Section 3 describes the motion resolution and motion transition with the multi-
level control. In Section 4 we describe the results by using our preliminary optical
motion capture. We conclude with a brief discussion of the method’s advantages
and limitations and directions for further work.

2 Kalman Filtering Human Body Motion

In this section, we describe the modeling of human motion under Kalman fil-
ter framework and how the framework is applied to post-processing of captured
motion data. Kalman filter is a well-known tool suitable for modeling and con-
trolling dynamic systems with inherent noise. The captured motion data contain
noise caused by several reasons: electro-magnetic sensor-inherent noise, unstable
marker attachment in optical motion capture process and errors from simplified
human body modeling. The Kalman filter takes care of the noise systematically
and enables us to integrate, in a single framework, those essential features in
post-processing of motion data like motion smoothing, motion transition, and
constraint satisfaction. The proposed model of human motion is influenced by
both the unprocessed input motion data and the constraints included in the
model in its update. We devised a method to control the relationship between
the input motion, constraints and the output motion.

2.1 Human Body Model

The human body is approximately modeled by articulated object, which consists
of rigid parts (segments) connected together by joints with kinematic constraints
such as degree of freedom (D.O.F.). Articulated objects are represented by the
nested coordinate frame forming the hierarchical tree. The pose of the each sub-
part is described by the relative posture with respect to the coordinate frame of
its parent.

One example of the hierarchical model for articulated object is shown in
Fig.1. Each subpart consists of a transformation node, a set of markers, a scale
node, geometric shape information and a sub-tree link for its child nodes. The
transformation node defines a coordinate system with respect to the parent coor-
dinate system. In the case of root node, the transformation means a rotation and
translation on the reference frame. On the contrary, other nodes have only the
relative rotation for their parent. The constraints node includes the information
of the kinematic constraints such as D.O.F. constraints and joint angle limita-
tion. Note that the kinematic constraints are not embedded or hard-coded in our
human model (the reason will be discussed in 2.4). The scale node adjusts the
size of geometric shape for each subpart to handle variety of body proportions
for different human models. The geometric shape node is defined with a surface
model (a set of polygons).
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Fig. 1. A hierarchical human body model

2.2 Modeling of Human Motion

In Kalman filter framework, the dynamic model describes the time-varying be-
havior of the target, which is a human body in our problem. We describe the
human body with pose (a snapshot configuration of the body model in 2.1) and
its time derivative, such that its time-varying behavior means body motion.

The 3-D motion of a rigid segment has six degrees of freedom - three trans-
lation components and three rotational components. Translational kinematics is
defined as the position, the velocity, the acceleration, etc., of the origin of the
object-coordinate frame with respect to the reference frame. Rotational kine-
matics is defined as the object’s angular position, velocity, acceleration, etc., of
the origin.

Given a hierarchical model as in 2.1, only the root segment has both trans-
lational and rotational kinematics. In order to separate translational and rota-
tional segments and treat them differently, we separate the root segment into
the rotational and the translational segments.

Our simple dynamic model assumes piecewise constant velocity motion, i.e.
the translational and angular velocity of any segments does not change in a short
period of time when no external force exist. Based on this assumption, we specify
the state vector for each rigid segment as follows.

The state of each segment is defined with the following variables, the po-
sition p = [px, py, pz]T and the velocity v = [vx, vy, vz]T for the translational
segment, the angular position q = [qw, qx, qy, qz ]T and the angular velocity
Ω = [ωx, ωy, ωz]T for rotational segments.

The dynamic model that describes the time-varying behavior of human body
in terms of state vector sj

t for segment j is:

ŝj(−)
t =

{
fT (ŝj(+)

t−1 ), j = 0
fR(ŝj(+)

t−1 ), 1 ≤ j ≤ N
(1)

where sj(−)
t is a priori state vector and sj(+)

t is a posteriori value of sj
t , the

superscript j = 0 means the translational segment, N is the number of segments,
and fT (·) or fR(·) is a simple transition function with the piecewise constant
velocity assumption.
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Translational Segment The state vector is

s0 =
[
pT vT

]T (2)

where the variables are defined in the reference frame. The dynamic model is
ŝ0(−)
t = FT · s0(+)

t−1 . The state transition matrix is

FT =
[
I33 I33

033 I33

]
(3)

where I33 is a 3× 3 identity matrix and 033 is a 3× 3 zero matrix.
Note that FT coincide with the assumption of piecewise constant velocity.

We assume that the initial state is known (We use the first position of captured
motion as the initial position), and the initial velocity is zero.

Rotational Segments The state vector is

sj =
[
qT ΩT

]T (4)

where the variables are defined in the parent coordinate system. The dynamic
model is

ŝj(−)
t = fR(sj(+)

t−1 ) =

[
wj(+)

t−1 ⊗ qj(+)
t−1

Ω
j(+)
t−1

]
,

where wj(+)
t =


 cos(|Ωj(+)

t |/2)
sin(|Ωj(+)

t /2)

|Ωj(+)
t | Ω

j(+)
t


 (5)

and “⊗” means quaternion multiplication [8].
Since the transition function fR(·) is nonlinear, we need extended Kalman

filter, which linearizes fR(·) using its partial derivative matrix F j
R(t − 1). (For

the readability, we will abbreviate the segment term j from now on.)

FR(t− 1) =
∂fR(s)

∂s

∣∣∣∣
s=ŝ

(+)
t−1

=

[
∂q′

∂q
∂q′

∂Ω

034 I33

]
(6)

where the partial derivatives for the rotational posture and the rotational velocity
with respect to qt−1 and Ωt−1 are as follows:

∂q′

∂q

∣∣∣∣
q

(+)
t−1,Ω

(+)
t−1

= cos(|Ω(+)
t−1|/2)I44 +

sin(|Ω(+)
t−1|/2)

|Ω(+)
t−1|

+

Ω
(+)

t−1 , (7)

∂q′

∂Ω

∣∣∣∣
q

(+)
t−1,Ω

(+)
t−1

= − sin(|Ω(+)
t−1|/2)

2|Ω(+)
t−1|

q(+)
t−1Ω

(+)
t−1

T

+

(
cos(|Ωt−1|/2)

2|Ωt−1|2 − sin(|Ω(+)
t−1|/2)

|Ω(+)
t−1|3

)
+

Ω
(+)

t−1 q(+)
t−1Ω

(+)
t−1

T

+
sin(|Ω(+)

t−1|/2)

|Ω(+)
t−1|

−
q

(+)

t−1

(8)
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and
+
α and

−
α are matrix representation for the quaternion multiplication (See

[8]).
For all segments, the associated error covariance matrix is propagated to time

t by the following equation:

P
(−)
t = Ft−1P

(+)
t−1FT

t−1 + Qt−1 (9)

where Ft is FT (t) for the translational segment and FR(t) for the rotational
segments, and Qt is defined by

E[nknT
i ] ∆=

{
Qk i = k
0 i 6= k

.

2.3 Motion Update

The measurement model describes the relationship between observed measure-
ments and the state vector, which can usually be expressed as:

zt = h(st) + ηt , (10)

where h(·) is a vector-valued function called the observation function and η
represents the random noise contained in the measurements. In our problem of
filtering captured motion data, we consider the captured motion data as the
observation itself. That is, the measurement model is ẑt = Ht · ŝ(−)

t , where Ht

is HT (t) for the translational segment and HR(t) for the rotational segments,

HT (t) =
[
I33 033

]
, HR(t) =

[
I44 043

]
. (11)

The measurement residual is defined as the difference between the predicted
measurement by the dynamic model and the “measured” motion data. In the
Kalman filter, the measurement residual is weighted by the Kalman gain matrix
to generate a correction term and is added to the predicted state to form the
updated state as:

s(+)
t = ŝ(−)

t + Kt(zt −Htŝ
(−)
t ) , (12)

where the Kalman gain is computed as follows,

Kt = P
(−)
t HT

t Λ−1
t (13)

and Λt is the associated error covariance matrix for the each measurement (its
utilization is discussed in section 3.1). (12) indicates that the updated motion
is affected by both the predicted motion driven by the dynamic model and the
measurement that attracts the model to original motion data.

In order to reduce the problem space and enhance numerical stability, we
assign a Kalman filter per each segment and apply Kalman filtering adaptively
in an hierarchical manner [9]. In doing that, state vectors for all but current
updating segment is assumed to be constant with the last estimated value.
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2.4 Integrating Kinematic Constraints

Human bodies reveal their kinematic constraints between two connected seg-
ments. The constraints are simply modeled with error functions, which are min-
imized when the constraints are satisfied. We designed the error function for the
D.O.F. constraints and the joint angle limitation. By integrating the error func-
tions for the kinematic constraints into the Kalman filter framework as special
kind of measurements with very low uncertainty, the filtered motion gets closer
to the direction of satisfying the kinematic constraints. Likewise, we can add
any type of constraints to the measurement, provided that the constraint and
its partial derivative are expressed as a function of state vector.

When a joint j has 2 D.O.F. and two directional cosine vectors are n1 and
n2 as shown in Fig.2(a), we obtain an orthonormal vector for two ni given by

ni · v = 0, for i = 1, 2 . (14)

A quaternion q is represented by a rotational axis as follows:

w =
θ

sin(θ/2)
q, where θ = 2 arccos(qw) (15)

and q denotes the vector quaternion of q. The length of the rotational axis w
means the degree of the rotation and the direction of w is the rotational axis. An
arbitrary rotation is represented by a vector in 3-D space as shown in Fig.3(a).
In the case of the 2 D.O.F. joint, the error E(w) is given by w · v. As shown
in Fig.3(b), when the joint has the joint angle limitation between θ1 and θ2, the
error E(w) can be defined as

E(w) = w · v + max {0, θ1 −w · ni, w · ni − θ2} . (16)

n1

n2

v
p(j)

j

(a) 2 D.O.F.

v1

v2

p(j)

j

n
(b) 1 D.O.F.

Fig. 2. The D.O.F. constraints between segments

Similarly when a joint has only 1 D.O.F., we can obtain two orthonormal
vectors. The error E(w) is a 2 dimensional vector, and the value for each di-
mension is calculated by the same method to the 2 D.O.F. case. For the angular
velocity as well as the rotation, we define the constraints similarly.

The human body is not strict for the defined D.O.F. For example, we usually
give 1 D.O.F. for the elbow joint, but the lower arm has the limited roll motion.
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n1

n2
w

v
E(w) = w · v

(a)

θ2

E(w)
v

ni

w

θ1
(b)

Fig. 3. A rotational axis w in 3-D space and D.O.F

The kinematic constraints are not embedded in our human model. Instead, we
give each joint all the rotational D.O.F.(i.e. 3) and then impose the constraints
as measurements with low uncertainties. Consequently the human body has the
allowance for the rotational movement with respect to the restricted axis.

During the motion generation, the constraints are given as

E(w) = 0, and E(Ω) = 0 . (17)

Adding the constraints (17) as one of the “measurement” in the model has
the effect of attracting the motion to the direction of satisfying those constraints
when the motion is updated. The derivatives of (17) with respect to s, which is
needed in Kalman filtering, are given by

∂E(w)
∂s

=
[

θqw−2 sin(θ/2)

sin2(θ/2)
√

1−q2
w

qT (v + α) θ
sin(θ/2)(v + α) 0T

3

]
, (18)

∂E(Ω)
∂s

=
[
0T

4 vT + α
]

(19)

where 0n means zero vector with n rows and α is defined as follows,

α =




03 for θ1 < w · ni < θ2

ni for θ2 < w · ni

−ni for w · ni < θ1

.

Since we use the quaternion to represent the rotation, we also have added the
constraint ‖q‖ = 1, i.e., qTq−1 = 0 in the measurement model as the additional
measurement. The derivative of qTq− 1 with respect to s is given by

∂

∂s
(qT q− 1) =

[
2qT 0T

3

]
. (20)

3 Motion Generation

3.1 Motion Resolution Control

The Kalman filter formulated in the previous section acts like a smoothing fil-
ter. The dynamic model makes the motion have the inertia with the constant
velocity. The measurements - in this case, the captured motion data and the
kinematic constraints - function as an external force to update the state of hu-
man motion. As we can see from (13), the Kalman gain is inversely proportional
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to the uncertainty in the measurements. If the measurement is very uncertain,
then the measurement residual is resulted mainly by the noise and little change
in the state estimate should be made.

We control the motion resolution with the uncertainty of measurements.
When the external force is weak (the measurement is very uncertain), the mo-
tion becomes smooth due to the dynamic model. Otherwise, the original captured
motion has more influence to the resulting motion. Fig.4 shows the graph for
one variable qw of the chest during the human walking motion. As we can see
from the graph, the original data has much jerky motion and the curve B follows
very closely the original data. As the uncertainty is increased, the graph becomes
smoother.

0.978
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0.982

0.984

0.986

0.988

0.99

0.992

0.994

0.996
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Q
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Frame
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E

Fig. 4. The motion resolution for the different uncertainties - the plot of for
chest segment in walking with the increasing uncertainty values from the curve
A to E : A 0.0 (no filtering), B 0.001, C 0.1, D 0.2, E 0.5.

Similarly we control the strictness of the kinematic constraints with the norm
of the normal vector v in (14). Table.1 shows the weighting factors for the
kinematic constraints. Fig.5 shows the change of the variables qx and qy for the
forearm which has only 1 D.O.F. and the rotational axis is y. As the weighting
factor is increased, qx (the error for D.O.F.) decreases while qy representing legal
D.O.F., has little change due to the normalization of the quaternion.

3.2 Motion Transition

Concatenating multiple segments of motion data together to obtain longer se-
quence is a basic operation in motion editing. In concatenating clip-motions,
the motion data should seamlessly transit the boundaries from one motion clip
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Table 1. The weighting factors for the kinematic constraints

Curve Uncertainty Weight

A 0.000 (No filtering) -

B 0.1 0.1

C 0.1 0.5

D 0.1 1.0

E 0.1 2.0
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(b) qy

Fig. 5. The kinematic constraints with the weighting factor. (See Table.1 for
weights)
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to another. Our Kalman filtering framework can also be applied to the motion
transition process. At first, we place different motion clips along the timeline and
link corresponding D.O.F. by simple linear interpolation. Before processing, the
motion data reveal abrupt changes at the boundaries. During the Kalman fil-
tering process, the dynamic model handles the discontinuities at the boundaries
and the updated motion smoothly connects different motion clips. Fig.6 shows
an example of such process. Curve A shows discontinuous motion data before
the Kalman filter is applied, whereas curve B shows the smoothed results while
satisfying other kinematic constraints.

-0.5
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-0.3

-0.2

-0.1

0

0.1

0.2

0 10 20 30 40 50 60 70 80 90 100

Q
y

Frame

A
B

Fig. 6. Motion smoothing between clip-motion transition: We inserted 40 frames
of the bending motion between the 40th and 41st frame of the walking motion.
Before processing (curve A) and after processing (curve B).

4 Experiments

In the previous work [9], we have developed a preliminary optical motion cap-
ture system. The performer’s motion is recorded using four video recorders and
then captured off-line while playing back frame-by-frame. The system uses a
Panasonic AG-DS850 video recorder and a Pentium PC for this process. The
image sequences from multiple cameras are the input of our motion capture sys-
tem which is implemented with C++ and Open Inventor Library on a SGI Onyx.
The motion capture system processes the motion data and generates the motion
results with a computer character on near real-time.

Fig.7 shows an example for the motion smoothing. In the captured motion,
the left thigh and calf are twisted due to the error (the first row). The smoothing
result shows that the error is removed (the second row).
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Fig. 7. An example of the motion smoothing - 45th, 46th, 47th and 48th frame

5 Conclusions

In this paper we presented a simple but effective method for post-processing
the captured motion data. The post-processing involves three operations: (i)
smoothing the jerky motion due to the sensor noise, (ii) satisfying the kinematic
constraints of the human body, and (iii) generating a seamless motion transition
between motion segments. Instead of having different processes for each of three
operations, we devised the Kalman-filter approach that handles these problems
in a single, unified framework. Here, we control the motion resolution with the
weighting factor of the kinematic constraints and the uncertainty variables of
the measurement. Our algorithm is efficient enough to generate the animated
motion in real-time.

We plan to extend our method to include dynamics of the human body
model, which can be formulated in terms of another measurements. The auto-
matic compensation of the motion data from model to model is another future
direction.
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Abstract. In this paper, we introduce an optical tracking system for
the use with virtual environments which is able to track the hand and
the head of a user simultaneously and in real time. The system utilises
infrared beacons instead of visible light, because of the special lighting
conditions which must be met to employ the system together with a
projection table. The working principle of a simple and fast three-step
calibration process is described. The characteristics of the tracking sys-
tem are described with regard to the hardware configuration needed, the
software we developed, and the interface to virtual reality applications.

1 Introduction

Tracking user movements is one of the main low-level tasks which nearly ev-
ery VR system needs. There are different methods how this tracking may be
performed. Common tracking systems use magnetic or ultrasonic trackers in
different variations as well as mechanical systems. All of these systems have
drawbacks which are caused by their principles of work. With nearly all of these
systems, the user has to be linked to a measurement instrument, either by cable
or, even more restraining for the user, by a mechanical linkage. Furthermore,
while mechanical tracking systems are extremely precise, magnetic and acoustic
tracking systems suffer from different sources of distortions. For this reason, we
are developing an optical tracking system, which should overcome many of the
drawbacks of conventional tracking systems.

In the Visual Computing Lab at the ZGDV, we are using a BARCO BARON
projection table to present virtual environments three-dimensionally and in a
way which enables users to work in an environment they are accustomed to (see
Fig. 1).

In cooperation with BMW, we are developing new video-based interaction
techniques to plan assembly processes. In commercial systems like RobCad1, the
definition of insertion and extraction paths has to be done in a trial-and-error way
by explicitly indicating the translation and rotation parameters. Our assumption
is that depth perception of a virtual scene, direct manipulation with grab and
1 RobCad is a product of Tecnomatix Digital FactoryTM

Nadia Magnenat-Thalmann, Daniel Thalmann (Eds.): CAPTECH’98, LNAI 1537, pp. 113–127, 1998.
c© Springer-Verlag Berlin Heidelberg 1998
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Fig. 1. Virtual assembly using video-based interaction techniques

release gestures and head tracking will overcome many disadvantages currently
used applications to plan assemblies and dismantling of hardware have. Using a
horizontal or tilted workspace is a well known environment many professionals
like engineers, architects, and physicians are familiar with. The perspective of the
image projected on the display surface is calculated such that the user perceives
the objects as being above the display surface. To move away from a display-
only of objects and to enable the user to interact directly with the 3-D objects
rendered by the computer (i.e. the virtual environment), user actions need to
be tracked. Apart from the movements of the user’s hand, his or her head has
to be tracked so the computer can calculate the correct perspective projection
for the two viewpoints. Per frame, the computer renders two pictures for the
left and the right eye, respectively. The images are displayed in sequence and
are synchronised with shutter glasses the user has to wear. These glasses are
equipped with an infrared emitter to be able to track them and are see-through
so the user perceives the virtual environment as being integrated in his or her
normal environment.

We started working with the projection table using a magnetic tracking
system (Polhemus FASTRACK), with which we encountered severe calibration
and distortion problems (mainly caused by the metal in the table and electro-
magnetic emissions of the projector). As currently available acoustic trackers do
not have a sufficient range to track the whole area of a projection table like the
BARON, we started developing the optical tracking system described in this
paper. One further reason for us to consider an optical tracking system was the
fact that the calibration of an optical tracking system may be mostly automated,
as described below. Opposed to this, the calibration of a magnetic tracking sys-
tem is a time-consuming, and, if not performed very carefully, error-prone task.
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As described by Zachmann [Zach97], measurements have to be taken with the
tracking system where the tracker is positioned at specific positions in space to
get known reference coordinates on the basis of which the correction may be
calculated. Even with this system, the minimal error in a volume like the CAVE
was 4cm with the average error being 7cm.

2 Previous Work

A precise measurement of the 3-D position and orientation is necessary for many
virtual and augmented reality applications. In order to get no linkage restrictions
and an absolute position, more recently developed systems are based on opti-
cal tracking using CCD cameras. Heap and Hogg [HH96] have introduced their
hand tracking system running on a Silicon Graphics Indy with a standard Indy
camera. They are able to get depth information of the user’s hand in relation to
the hand size in previous frames, but the system is not able to supply absolute
positions as long as only one camera captures the user’s hand. A stereo video
system for hand tracking with 27 degrees-of-freedom has been introduced by
Rehg and Kanade [RK93], [RK94]. They are able to build a cylindric model of
the human hand with regard to the hand’s kinematic properties. The hand is re-
stricted to a movement in front of a black background to make the segmentation
with grayscale video images easier to handle. In order to fulfil real-time require-
ments, special hardware is necessary. Wren et al. described a real-time system
for tracking and interpretation of people [WADP96]. Later publications [AP95b],
[AP96] about this system mentioned the employment of two video cameras for
position estimation. Their system is able to perform the camera calibration by
tracking a moving person. An optical beacon tracking system has been intro-
duced by Madritsch and Gervautz [MG96]. Their hardware system consists of
two Silicon Graphics Indy workstations with CCD-cameras and infrared LEDs.
They applied a classical calibration like Tsai’s technique [Tsa86] with radial lens
distortion parameters which is suitable under laboratory conditions only. Our
work is closely related to previous research of Pentland et al. at the Media Lab of
the MIT. Our system is using a stereo camera system, too, and we are interested
in automatic calibration processes like the one described later in this paper. But
in contrast, we do not have the same conditions and restrictions imposed by our
application environment, as described later.

3 The Real-Time Tracking System

The operation of the tracking system is, on the one hand, defined by the physical
constraints the projection table imposes on the system. The table itself is about
2m ∗ 2m large and 1.2m high, the display surface is about 1, 36m ∗ 1, 02m large.
That means that a volume of about 3m ∗ 3m ∗ 1.5m above and in front of the
table (width ∗ depth ∗ height) has to be observed.

The lighting conditions around the projection table have to be subdued as
the brightness of the projection itself is limited. This limits an optical tracking
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system to using infrared light, where one has two possibilities to choose from:
either the system may use active infrared beacons or the tracking area has to
be illuminated with infrared light while the objects to be tracked are fitted with
reflective markers. We chose the first approach because it was easier to realise
for our prototype.

As we wanted to enable the users to walk around three sides of the projection
table, the camera positions were restricted to the far side of the table, to the
left and to the right of the projector. Mounting the cameras closer together (e.g.
both on top of the projector cover) would create accuracy problems as the 3-D
position of the beacon can be best calculated when the cameras are arranged
with convergence angle of between 60 and 120 degrees between them. While a
small angle between the cameras yields a good correlation between the images
and thus facilitates segmentation, the angle used in our setup yields better 3-D
position reconstruction and minimises occlusion problems.

Another requirement was that the system should work with minimal me-
chanical calibration, i.e. the camera position should not be restricted to specific
mounting points as it is not always possible to use these and keep them aligned
all the time, like, for example, when transporting the table. The accuracy of the
system should be less than 1 cm, as otherwise display errors (distortions of the
perspective) would be too big and precise interaction with objects displayed on
the projection table would not be possible.

3.1 System Setup

To fulfil the constraints described before, we chose to use wide-angle lenses of
4.8mm with the video cameras. To avoid errors introduced by taking left and
right images used to determine the beacon positions asynchronously, we are
using externally synchronised cameras from which the left and right images are
acquired at the same time, minimising the error introduced by the motion of the
user’s hand. As we do not use colour information, we are able to use a single
framegrabber card where the cameras are connected to different colour channels2.
The synchronisation logic for the two cameras is present on the framegrabber
card. This system is much cheaper and easier to synchronise than using two
separate framegrabber cards. The cameras used are sensitive for infrared as well
as visible light. To block out the visible light, we use infrared filters cutting off
at about 820 nm (see Fig. 2).

The infrared LEDs used for the beacons emit infrared light at 950 nm and
have a radiation angle of about 80 degrees. Our system runs on a standard
PC with a 300 MHz Pentium II processor. For video capturing tasks, we use
ELTEC’s PCEye2 framegrabber. This PCI-board has been developed for analog
video cameras like the PULNIX TM-560. Besides acquiring the image, the PC
also performs the image processing tasks described below. The two position
values for head and hand, respectively, are transmitted to the computer running
the VR software over standard LAN.
2 For a short description of the resulting problem, see Chap. 5
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Fig. 2. Infrared LEDs combined with infrared filters

3.2 The Image Processing Pipeline

Our system consists of the following image processing pipeline which is shown
in Fig. 3. A framegrabber acquires two images while the pipeline processes the
last available image data. The following pipeline step, the beacon detection, is
operating in two different modes. The first mode is a global search over the whole
image data for a detection of all beacon positions. If the system knows the last
two calculated positions, the second mode will do a local search because a pre-
diction has restricted the area of interest. The next step is a 2-D transformation
from distorted image coordinates to undistorted camera sensor coordinates. Af-
terwards, the epipolar constraint (see Chap. 4) will be used to get the correlated
image points, and as a result out of this module, we obtain the 3-D locations.

Beacon Detection

Frame Grabbing

Epipolar Constraint

images

distorted centers

undistorted centers

3-D positions

model

Feature Extraction

Redistortion

Model Fitting

Distortion

Projection

Model Prediction

2 *

3-D

2-D

Fig. 3. The image processing pipeline
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The next step has to fit the 3-D beacon positions into a model. In our scenario,
our assumption is that the model has an initial position, i.e. the user’s head is
above the user’s hand. Then, the output is a model with n degrees of freedom3

which consists of the user’s head and hand and is transferred to the render
system for interaction purposes. Our image processing pipeline performs one
further step in order to make the beacon detection faster. The beacon positions
predicted in this step will be back-projected to both cameras’ sensor plane and
then converted to distorted image coordinates. The beacon detection will search
in a local area close to the predicted positions.

3.3 Image Processing Tasks

To find the position of the user’s hand (respectively that of the pointer carrying
the infrared LED), the tracking system needs to perform a beacon detection
after which the centre of gravity (ū, v̄) of the beacon image is calculated (see
(1) where F (j, k) is the brightness of a pixel at the image plane with position
(j, k)).

ū =
1
K

∑J
j=1

∑K
k=1 jF (j, k)∑J

j=1

∑K
k=1 F (j, k)

v̄ =
1
J

∑J
j=1

∑K
k=1 kF (j, k)∑J

j=1

∑K
k=1 F (j, k)

(1)

To make the task of finding the beacon in image i+1 easier (for performance
reasons) after segmenting it in image i, we use a vector based prediction algo-
rithm which makes a prediction on where the next position of the beacon in
image i+1 will most probably be, based on the distance the beacon travelled
between image i-1 and i. Using a Kalman filter (see [ZF92]) for the prediction
would be too slow. The area where the beacon will likely be in image i+1 is
enclosed in a so-called tracking window, in which the algorithm searches for the
beacon first and only reverts to searching the whole image if the beacon cannot
be found in the tracking window. The size of the tracking window is calculated to
adapt to the size of the beacon image. In the future, the system will be enhanced
such that velocity and acceleration will be taken into account. Reflections of the
beacon on the projection area of the table are allowed for by using only the
uppermost beacon image in the tracking window.

In the course of tracking the user, the two images of the beacons are moving
around the image space. There are cases where an unambiguous establishment of
the meaning of the beacon images is not possible because in one of the images one
of the beacons is above the other, while it is below the other one in the second
image. In these cases, the ambiguities can be resolved by using the epipolar
constraint as described in [ZF92]. This works by extending a vector from the
centre of projection (COP) through the centre of one of the beacon images into
3-D space in for example the left image. This ray is then projected on the right
image plane (see Fig. 4). In case the system worked without errors, the projected

3 Our currently used man model consists of 2*3-D positions, later we can extend it to
a more complex one.
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ray on the right image plane would intersect with the image of the respective
beacon. As the two rays normally will not meet in space, the beacon image
nearest the projected ray is assumed to be the corresponding one4. The position
of the beacon in 3-D space is estimated by locating the middle of the minimal
distance between the two rays.

COP1

Ray 2
Ray 1

Hand

COP2

Image Plane 1

Image Plane 2

Hand

on Image Plane 2

Position of Beacon
tracking the Hand
in 3D Projection of Ray 1

Fig. 4. Using the epipolar constraint

3.4 Simultaneous Head and Hand Tracking

As the beacons used for tracking the user do not have any special features to
distinguish them from one another and as the tracking area captured by the two
cameras has no preference for any direction, the tracking system needs a model
of how to distinguish the different LEDs used to track the head and the hand of
the user.

Under the precondition that both cameras are mounted in the same orienta-
tion (e.g. top of camera upwards) and that the tops of the CCD chips are facing
upwards, the system may make three assumptions about the spatial position
and the usage patterns of the infrared beacons by which it may determine which
beacon tracks the head and which the hand of the user: Firstly, the beacon used
to track the head is always working while the beacon used to track the hand
is only active when the user interacts with objects in the scene. Secondly, the
starting position of the head tracking beacon is normally above that for the hand
tracking beacon and is beyond and above the volume used to display the objects
on the projection table. Thirdly, the head tracking beacon is normally the first
one working.

By using these assumptions, the system is able to assign the meaning of the
beacons. After the initialisation, the user is able to move around freely and even
put his hand over his head or move his head down into the image space (e.g.

4 This is not always correct, but with only two beacons in the image with no known
distances between them, a calculation of the correct beacon is not possible.
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to have a closer look at some virtual objects) where the hand tracking beacon
normally is, while the correct assignment of beacons is retained. Using the first
assumption, the system is even able to correctly differentiate head and hand
tracking beacons when the head tracking beacon is in object space while the
hand tracking beacon goes off and on again when the user grabs and subsequently
releases virtual objects.

4 Camera Calibration

Current calibration techniques typically need special known calibration objects.
Those techniques usually rely on high precision measurements. Thus, as a prac-
tical matter, such calibration steps of computer vision systems are unpopular,
cumbersome and time-consuming processes. But for bringing 3-D computer vi-
sion systems out of the laboratory and into practical use, it becomes increasingly
crucial that camera systems are easy to calibrate.

All in all we have three coordinate systems, two for the cameras and one
coordinate system located on the projection table. These systems are left-handed.
For each camera the Z-axis is going out of the image plane and the image points
are located at Z = 0. For a simplified calibration, the system works as follows:

1. To get an estimation of internal camera parameters, each camera is pre-
calibrated for which we use a technique introduced by Tsai [Tsa86]. His
method is aimed at determining the external position and orientation rela-
tive to the object reference frame as well as the effective focal length, radial
lens distortion and image scanning parameters. We applied this technique to
obtain the internal parameters only. The parameters we are using for the ini-
tialisation described later are the effective focal length f , the lens distortion
coefficient κ1, the origin in the image plane (Cx, Cy), the uncertainty scale
factor sx and the horizontal and vertical pixel size in frame buffer d′x, d′y. For
more details see [Tsa86]. This calibration step is time-consuming and needs
to be performed accurately, thus the internal camera calibration is done only
once at the time the cameras are fitted with their lenses, as the configuration
of the cameras remains the same afterwards.

2. The second calibration step is very easy to perform because we use an adap-
tive calibration method5 which was first developed by Azarbayejani and
Pentland [AP95a, AP95b]. Thus, our system can adaptively calibrate a stereo
rig by tracking a single moving point acquired from each of two cameras. As
a result, the calibration data may be entered by just waving a flashlight
around. The internal parameters from calibration step 1 are needed as ini-
tial values. The result is a calibrated camera system where 3-D points are
given in the right camera frame. A detailed description of this technique is
given below.

5 Adaptive means here that camera parameters are altered to get better estimated
ones which requires no knowledge on the user’s side.
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3. Finally, the user has to move the infrared beacon to three predefined corners
of the projection table. Applying two cross product operations to the two
input vectors and, at last, a normalisation yields the coordinate system for
the table. Our rendering system knows about this system definition and is
able to calculate the asymmetric viewing frustum and the position of the
hand in virtual world coordinates.

This adaptive calibration is based on the Iterated Extended Kalman Filter
(IEKF). To apply this filter, the state vector is defined in (2) and consists of
the relative orientation, the inverse focal lengths and the structure parameters
described later.

x =
(
T,RL→R, β(L), β(R), α

(L)
1 , . . . , α

(L)
N

)
(2)

The conversion between the left and right camera coordinate systems is given
by extrinsic camera parameters T and RL→R for translation and rotation. Cur-
rently, we are using the inverse folcal lengths β(L), β(R) only as intrinsic camera
parameters, but forthcoming research will extend this state vector with a correc-
tion of the pre-estimated lens distortion. The structure parameters α

(L)
i , desig-

nate the distance of the points to the left camera’s image plane and are used to
reconstruct the 3-D structure of the curve the user produced by waving around
an infrared beacon. In order to get a good initial state vector x0, the intrinsic
parameters are set accordingly to the output of the first calibration step. The
extrinsic parameters and the structure parameters are roughly estimated.

The computational approach of this adaptive calibration is shown in Fig. 5.
First, all measured image points are transformed to their supposed undistorted
locations according to Tsai’s method. Then, a 2-D image point is back-projected
to a 3-D point using α

(L)
i and the pre-calculated focal length as the internal ori-

entation. Second, a transformation into the other camera frame is applied to the
3-D point using the relative orientation and translation. Finally, the 3-D point
is projected into the second camera image plane using the internal orientation
of the corresponding camera. The perspective projection can be mathematically
described as (3), where the centre of projection has the coordinates (0, 0,− 1

β )
in the camera reference frame, (X, Y, Z) describes a point in the camera coor-
dinate system, β = 1

f is the inverse focal length and (uu, vu) is the projected
undistorted point localised at the image plane.

(
uu

vu

)
=

(
X
Y

)
1

1 + βZ
(3)

With regard to this camera model, the above mentioned computational approach
shown in Fig. 5 can be mathematically described. Firstly, the inverse projection
is given by (4), where (u(L)

u,i , v
(L)
u,i [i = 1, ..., n]) is an undistorted image point cor-

responding to a 3-D point (X(L)
i , Y

(L)
i , Z

(L)
i ) in the left camera reference frame.

The distance information is given by α
(L)
i . Later, we will show that the value of

α
(L)
i is altered to get the mean correct undistorted position (X(L)

i , Y
(L)
i , Z

(L)
i ).



122 Klaus Dorfmüller and Hanno Wirth

projection

focal length focal length

rotation

translation

projection

point distance

inverse

Fig. 5. The calibration idea
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Secondly, the 3-D point transformation from the left to the right camera frame
is given by (5), where P (L) is a 3-D point in the left camera frame, RL→R and T
is the relative orientation and translation of the right camera frame with respect
to the left camera. P (R) = (X(R), Y (R), Z(R)) is the obtained point located in
the right camera frame.

P (R) = T +RL→RP (L) (5)

Finally, the perspective transformation for the right camera is given in Eq. 6:

 X(R)

Y (R)

1 + β(R)Z(R)


 =


1 0 0

0 1 0
0 0 β(R)


 P (R) +


0

0
1


 (6)

To obtain the undistorted position in the right image plane, the first and second
components of the resulting vector are divided by the third (see (3)). Our cal-
ibration step works according to Fig. 6. After initialising the state vector x of
our calibration system, we collect a data set of 100 image points. With access to
the state vector, it is possible to transform the image point measurements of the
left camera to the right camera image plane. A comparison of the transformed
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and the measured image points can be used for altering the state vector x with
the IEKF until convergence is achieved. Afterwards, the system contains an ar-
bitrary scale factor. However, after the third calibration step the corners of the
projection table are well known and the scaling factors can be computed.

Fig. 6. The calibration working cycle

At the top of Fig. 7, the images of both video cameras are shown, including
the last 100 points captured by each camera. In the middle of this figure, one can
see the iterative calibration. The first image shows the left measurements again.
In the next image, the samples taken by the right camera and the initialisation
step with the projection to the camera’s image plane are displayed. Then, the
iteration will bring the calculated measured points closer to the real measured
points by altering the state vector x. At the bottom of this figure, the state
correction over 40 iterations is shown.

5 Experimental Results

With the system described in Sect. 3, we reach a frame rate of more than 23
frames/sec. Regarding accuracy, we calculated the error of 128 points measured
and reconstructed with our system from a volume of 70cm∗70cm∗20cm aligned
to the lower left corner of the projection table from the user’s view. In this
volume, we have a disparity in absolute positions of less than two 2 cm. This
error is probably caused by an extreme lens distortion which is not completely
corrected as well as the fact that we have to separate the image data which
is stored interlaced in the computer’s main memory and therefore only use a
quarter of the image information due to processing time restrictions.



124 Klaus Dorfmüller and Hanno Wirth

Left Measurement Initialisation (right View) 1. Iteration)

2. Iteration 3. Iteration 40. Iteration

asf: arbitrary scale factor

Fig. 7. The iterative calibration



Real-Time Hand and Head Tracking for Virtual Environments 125

6 Application Areas and Examples

An optical tracking system like the one described here may be used in any setup
from the user sitting in front of a standard computer monitor (small volume
of space), over tracking user actions over a projection table or in front of a
projection screen (medium volume), to using it in a CAVE setup (large volume,
see [CNSDF93]). While all of the set-ups mentioned are possible, optical tracking
systems show their greatest benefits in applications where medium volumes of
space have to be tracked (e.g. in front of a projection screen, over a desk) and
where the conditions described in Sect. 3 are fulfilled.

Using a tracking system fixed on the user’s hand enables the user to directly
interact with objects, either by relying on the optical feedback of the infrared
pointer alone or by attaching a virtual cursor to the tip of the pointer. Using the
direct interaction metaphor, one may categorise different types of interactions:

1. Simple tasks like grabbing objects and moving them around.
2. Tasks where additional manipulators (helper geometry like e.g. a 3-D scale

box) are needed to enable the interaction and to give the user feedback about
the effect of the interaction.

3. Control tasks where the user interacts with user interface elements like but-
tons, menus, sliders etc.

4. Multi-modal interaction, e.g. using video tracking and speech at the same
time

An optical tracking system like the one described here may be used for all of
the categories described above. Category one works by pointing to the object
and then turning on the infrared pointer. This attaches the object to the tip
of the pointer. To release the object again, the infrared pointer is turned off.
Categories two and three are variations of the first method. In category two, the
user interacts with the helper geometry in order to be able to scale, shear, and
rotate objects. Features of the helper geometry are grabbed (for example a resize
box in the corner of the bounding box of an object) and is subsequently moved
around. Finally, in the third category, the user uses the pointer to either trigger
the user interface elements or to grab the controls of user interface elements like
analogue valuators (one-, two-, and three-dimensional valuators are possible).

Generally, applications supporting this viewing and interaction model are
applications where the user is accustomed to work with objects present on a table
or a drawing board, like architecture, medicine, engineering etc. (see [WH97]).

7 Future Work

Future work will extend our system to six degrees of freedom each for the user’s
hand and head. Furthermore, we are interested in getting more information
about the user’s position such as the elbow and shoulder positions for building
up a human kinematic model. For this task, it will be better to use passive
markers. With regard to have a plug and play system, recursively updating the
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relative transformation for each measurement when it is obtained on-the fly
(blunder detection after taking each measurement) is useful for an integrated
calibration. Forthcoming research will segment the human hand in 3-D and will
use a deformable model with kinematic properties, using a glove with markers
(see Fig. 8) and an infrared source lighting the scene. Further in the future,
tracking a whole body fitted with markers and animating a 3-D kinematic model
of the human body with that data will allow even more sophisticated tasks to
be performed like controlling a human model in an assembly simulation similar
to the one shown in Fig. 9.

Fig. 8. A marked glove Fig. 9. The RobCad man

8 Conclusions

In this paper, we have presented a real-time optical tracking system for virtual
reality applications. The hardware setup of our system has been described as well
as the software which has been developed to run the system and the environment
our system operates in.

Our system uses a robust and fast algorithm to track the hand as well as
the head of a user in a setting using a projection table to display the virtual
environment. At the moment, our system is not sufficiently accurate to be used
for interacting with the virtual environment as well as for controlling the per-
spective distortion needed to render the correct images for the user’s viewpoint.
The calibration procedure which has been described is easy to apply but needs
to be extended to include a lens distortion correction.

Our research has shown that our system is at least as accurate as conventional
magnetic tracking systems and is a robust means for interacting with virtual
environments, also avoiding distortion problems inherent to magnetic tracking
systems. One drawback opposed to magnetic tracking systems which our system
has at its present development stage is that it only supports position tracking.
Orientation tracking is not possible with the present setup, but will be added
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shortly by either using more LEDs as the tracking object or with reflective
markers which can then be segmented from the grabbed pictures.
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Abstract. We present a new research direction named a graphics compiler for
capturing and dynamic recovering of the shapes of 3-dimensional graphics tar-
gets.  The graphics compiler is based on graphics parsing precedence rules.  It
interactively parses a 3-dimensional graphics shape data into a set of the basic
geometrical and topological constructs of cellular spatial structures.  It enables
us to recover the target object shapes as seen from any viewpoints. An object-
centered motion capture method is developed, as opposed to a camera-centered
motion capture method.  After capturing a graphics target images dynamically,
a set of captured image data is compiled interactively and then the complied
objects are stored in a graphics database.  A sequence of images of the target
objects captured at different time instances makes it possible to produce a set of
compiled shape information of the objects containing a complete 3-dimensional
geometrical shape information that inherits topological properties.  Thus, the
captured shapes are turned into reusable components to build new graphics
contents on demand by assembling them.

1 Introduction

Most of the conventional image capturing is oriented to immediately store the snap
shots of graphics image data as they are.  Thereby, conventional image capturing
methodology greatly depends on the development of hardware.  With the develop-
ment of the software and hardware technologies, the demand of high quality and high
speed image capturing is explosively increasing for various industrial applications,
e.g. product inspecting processes, security systems and so on.  However, the simple
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increasing of the number of captured images as well as pixels ends up with an enor-
mous data storage capacity.

In the present paper, we propose a new methodology named the graphics compiler.
Fundamental difference between the conventional and proposed methodologies is in
the conceptual aspects of image capturing techniques as well as applications.  Graph-
ics compiler translates the original image data into a set of basic geometrical objects.
Each of the captured data is compiled into the basic geometrical objects deleting the
duplicated object information.  The compilation proceeds very often interactively as
usual due to visual occlusion, and also the ambiguity and incompleteness of captured
data.

As a matter of fact, the compilation consists of two separate phases.  The first is
the conversion of the image to a graph theoretical representation that is the only phase
often requires human interaction. The second phase is for the repeated reuse of such
compiled data obtained in the first phase and stored in the graphics database.  This
phase is completely automated and that is the phase to generate object images in the
scope of interest.  The scope of interest is given as a 3-dimensional range, in our case
is a boxel that contains the graphics object of our interest.    Since the graphics object
in the graphics database is already compiled in the first phase into a graph theoretical
representation, we can automate the compilation based on the graphics parsing prece-
dence rules, as explained in this paper.

After obtaining a set of complete geometrical objects by the graphics compiler, the
target image in the scope of interest can be recovered in a 3-dimensional manner and
projected onto a 2-dimensional screen.  This makes it possible to show the target
image in a static and dynamic manner.  Also it serves to save the storage capacity by
making all the objects and their components in the images reusable.  The compiled
reusable resources are stored in a database.  Thus, the graphics compiler is an inno-
vative methodology.  It translates the captured image data into a set of basic geomet-
rical objects containing the complete graphics information.  Hence, original target
object can be visualized in whatever ways we like to present it.

The kernel of the graphics compiler is based on the hierarchical space indexing
method [1] and cellular spatial structures [8-10].  The hierarchical space indexing
method is one of the methodologies for indexing a 3-dimensional space.  When we
employ a regular decomposition of the 3-dimensional space, this leads us to a tree
structure and to store the geometrical objects in table forms.  Thereby, quick access to
an interest point can be carried out by means of a leaf node as an index.

This paper outlines the design strategy of graphics compiler and basic properties of
the hierarchical space indexing method, and presents a prototype implementation
example.



130           Tosiyasu L. Kunii, Yoshifuru Saito, and Motoyoshi Shiine

2 A Graphic Compiler
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The key idea of the hierarchical space indexing method is to apply the indexing
strategy to a 3-dimensional object for capturing and processing image data.  The
strategy is based on the precedence rules of parsing the topology of objects repre-
sented in a cellular spatial structure.  Graphics objects are algebraic topologically
modeled very simply as cellular design.  We take cellular spatial structures as the
foundation of the modeling.  As a cell, we take an n-dimensional topological ball
called an n-cell in terms of algebraic topology.  For example, a 0-cell is a vertex, a 1-
cell is an edge, and a 2-cell is a surface.  When a surface is closed, it becomes a 3-cell
that is a topological ball.  Each hole is a 2-cell.  Any cells are attached through a cell-
attaching map. In a cellular structured space, the space thus obtained by attaching
cells are called an attaching space, an adjunction space or an adjoining space [8-10].

The object shapes topologically defined have to be visualized and made into
physically realizable forms.  A three level hierarchical architecture for shape model-
ing is an excellent architecture: 1 the topological layer, 2 the geometrical layer and 3
the visualization layer.  Defining shapes actually is carried out interactively through
this architecture.  It starts from the topological layer to define topological shapes, and
visualizes the shapes in the visualization layer after giving temporary geometrical
shapes to the objects in the geometrical layer.  It goes back to the topological layer to
change the topological definition as needed.  In the geometrical layer, a 1-cell, that is
an edge in the topological layer, can be a line or a curve; a 2-cell can be a plane or a
curved surface, and a 3-cell a curved body.

A limited case of cellular spatial structure representations is a class of boundary
representations usually abbreviated as B-reps.  Generally, any object can be identified
in terms of four geometrical entities in B-reps: a vertex, an edge, a surface and a body
[3].  A body is the part inside an object enclosed by surfaces.  A surface is a plane
enclosed by its boundaries.  An edge is composed of two vertices as its two end
points.  We have to impose a restriction that no object should be self-intersecting and
inconsistency should be detected.  Further, we have to hold the following conditions:

1. Any two surfaces are either disjoint, meet at a common vertex or along with a
common edge.

2. Any two edges are either disjoint or meet at one of their end vertices.
3. Any edge and surface are either disjoint, meet at a common vertex, or the edge is

part of the surface boundary.

In order to introduce a tree structure for indexing, a cube called the entire universe
U should be defined.  An arbitrary object to be represented must be in this entire
universe U corresponding to the root of the tree.  The entire universe U is subdivided
into eight subspaces called octants corresponding to eight children in the tree.  Each
of the octants is recursively subdivided into eight octants.  This means that every
non-terminal node has eight children.  Thus, an octal tree structure is usually referred
to an oct-tree [3-7].  As opposed to pure oct-tree where subdivision recurs until either
an octant becomes completely inside the object or completely outside the object
within available resolution, we halt the subdivision when an octant becomes simple
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enough.  The following definitions concerning with the index tree give the prece-
dence rules of parsing the topology of a graph- theoretically represented object
shape:

TYPE 1  Boundary -- An octant includes the boundary of the object.  This type is
denoted as P (partial).

TYPE 2  Non-boundary -- An octant does not include the boundary. This type is
either completely inside the object denoted as 1 (full), or completely outside the ob-
ject denoted as 0 (empty). This type never requires any more subdivision.

Each boundary octant P is further classified into two sub-types:

TYPE 1-1  Dividing -- The space in the octant is still dividable and requires further
subdivision.  The octant is denoted as T representing an oct-tuple (o, o, o, o, o, o, o,
o), where the order o refers to the position of the octant.

TYPE 1-2  Non-dividing -- The space is simple enough to represent the cubical sub-
set of the world and no more subdivision is necessary.  This octant is denoted as L.

Three kinds of the non-dividing spaces are:

1. An octant includes one vertex.  This octant neither includes the edge not having the
vertex as its endpoint nor the face not having the vertex as its boundary point.
Such an octant is called a vertex space and denoted as V.  Corresponding node to
this space in the tree is called a vertex node.

2. An octant does not include the vertex but one edge fraction, which is a part of an
edge.  This octant does not include the face not having the edge as its boundary.
Such an octant is called an edge space and denoted as E.  The corresponding node
to this space in the tree is called an edge node.

3. An octant does not include any vertex as well as edge but includes one edge frac-
tion, which is a part of an edge.  Also, this octant does not include the face not
having the edge as its boundary.  Such an octant is called a surface space and de-
noted as S.  The corresponding node to this space in the tree is called a surface
node and denoted as S.  Figure 2 shows the typical examples of the above-defined
spaces.
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Fig. 2. The octant spaces V, E and S as the intermediate meta-codes

Each geometrical object consists of a node that is a point (a 0-cell e0), an edge that
is a line (a 1-cell e1), a surface (a 2-cell e2) or a body (a 3-cell e3).  All cells are open.
Further, they are hierarchically organized.  As explained earlier, this hierarchically
organized structure serves exactly as the basis of the hierarchical space indexing
method.  In a cellular spatial structure,

X0 ˝  X1 ˝  X2 ˝  X3,
where Xi (i = 1, 2, 3) is a discrete space whose element is ei.  Xi is constructed from

Xi-1 by attaching a disjoint union of ei to Xi-1 via a continuous and surjective map
called an attaching map

fi: ¶ ei fi Xi-1

such that
Xi = Xi-1 + ˙ k e

i

k / ~ = Xi-1 ˙ fi  ˙ k e
i

k / (x ~ fi (x) ‰x ˛  ¶ ei),

(a) A vertex space V. (b) An edge space E.

(c) A surface space S.
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where ¶ ei is the topological boundary of ei, and k is a natural number [10].  This
method of constructing a cellular structured space is generally called cell composi-
tion.  The reverse is cell decomposition.  Basically, the graphics compiler performs
cell decomposition.  The type of graphics compiler presented in this paper is a special
case based on the space index method.  It produces a intermediate meta-code set that
consists of 0-, 1- and P- octants.  Each P-octant is a T- or L- octant, and the T-octant
is further decomposed until the result become L-octants.  Each L-octant is a V-, E- or
S- space.  + denotes a disjoint union and often a + symbol is used instead (sometimes
it is called “exclusive or”).  ~ is an equivalence relation.  An equivalence relation is
simply a relation that is reflexive, symmetric and transitive.  It can be a set theoretical
equivalence relation, a homotopic equivalence relation, a topological equivalence
relation or a geometric equivalence relation.  The transitivity divides the space into a
disjoint union of subspaces called equivalence classes.

2.3 Implementation

Practical implementation requires a series of following steps.  At first, each of the
captured graphics data is compiled into the object cells by the hierarchical space in-
dexing method.  The data captured at the different viewpoints of the same target are
similarly compiled and continued until the object cells do not grow up.  This means
that the stored object cells contain a set of complete 3-dimensional information of the
target object.  Using the stored object cell data, the 3-dimensional target object can be
projected onto the 2-dimensional screen from any arbitrary viewpoints.  Thus, appli-
cation of the graphics compiler to the captured graphics data makes it possible to
identify the 3-dimensional object in the indexing table but also makes it possible to
reproduce the target object as seen from any viewpoints.  When the hardware chips
realize this graphics compiler, it leads us to a new graphics technology.

3 An Example

In this example, we employ an object-centered motion capturing method.  It differs
from the traditional camera-centered motion capturing method.

The first is the introduction of our image-capturing concept.  Most of the computer
image data capturing methodology is based on the idea such that captured images are
memorized in a computer data storage system and presents the processed images onto
a computer screen according to human instructions.  That is basically the digitized
photograph concept.  However, when we look into the way a human captures images,
a human captures the images conceptually as objects not as images per se.

Let us consider a simple example: a set of cups on a table.  A human recognizes
this image as a combination of a cup and a table.  Further, the cup is identified by its
characteristic shape, and the table is identified by its four leg structure as the shape
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characteristics.  Furthermore, the cup and the table are regarded as a set of geometri-
cal objects.  Thus, human image capturing ability converts the image data into these
object data and classifies them in a hierarchical manner.  By means of the memorized
object data and experience information, human is able to imagine the backside of the
table shape and the other details.  It is difficult to realize this human capturing ability
by computers exactly.  However, when we can derive 3-dimensional object data from
captured static and dynamic target images, it is possible to recover the target objects
viewed from any points by computers.  This is our basic image capturing objective.

Secondly, we outline a simple and practical implementation of our image capturing
technique.  The image projected onto each of the human eyes is 2-dimensional.  A
human recognizes the target 3-dimensionally.  This is because a human is equipped
with the two eyes with the characteristic fixed distance.  This obviously means that
two cameras placed at a given distance can recognize 3-dimensional targets.  How-
ever, computers initially lack memorized object data, experience information and the
standard measure for estimating the relative target sizes.  Thereby, in order to capture
complete 3-dimensional object data, computers require 3 frames of images viewed
from 3 distinct positions.

Let an arbitrary vertex point in an i-th 2-dimensional image data be denoted by
(piDx, piDy), then we project a unit vector (1, 1, 1) in a 3-dimensional space onto the
2-dimensional i-th plane coordinate, where the origin (0, 0, 0) in the 3-dimensional
coordinate should coincide with the 2-dimensional origin (0, 0).  Considering a rela-
tionship between the 3- and 2- dimensional coordinate systems in Figure 3, we have
a relationship:

(1, 0, 0) fi (Uxxi, Uxyi),

where Uxxi, and Uxyi are the referred unit lengths on the Xi- and Yi- 2-dimensional
coordinate axes, respectively.  Similarly, for the vertices (0,1,0) and (0,0,1) in 3-
dimensions, we have the following relationships:

(0, 1, 0) fi (Uyxi , Uyyi)
and

(0, 0, 1) fi (Uzxi , Uzyi).

In these relationships, Uyxi , Uyyi, Uzxi and Uzyi are the referred unit lengths on the Xi-
and Yi- 2-dimensional coordinate axes, respectively.  Further, the subscripts x, y and z
denote the 3-dimensional x-, y- and z- axes, respectively.  By means of these relation-
ships, it is possible to derive a set of system equations for the 3 distinct images.
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Thus, for the 3 distinct images, a following set of system equations holds:

(1)

or

QP C= (2)

where the elements X, Y and Z are the exact 3-dimensional coordinate values to be
evaluated. In order to obtain the unique X, Y and Z from Eq.(1), we have to impose
the following constraint:

(3)

Using the constraint (3), it is possible to evaluate the vertex coordinate values
ZYX  and ,  in the 3-dimensional coordinate.  Thus, we can obtain the most funda-

mental indexing term of the target.

Figure 4 shows the examples of a series of the captured images.  The target object
in this example is a simple electronic calculator and our purpose is to get a set of
compiled object data of this calculator in terms of vertices, edges, surfaces and bod-
ies.  The small dots on the captured images in Figure 4 refer to the selected vertices
in order to obtain the compiled object data.  Also, a set of orthogonal lines denotes an
attached 3-dimensional coordinate system.  These 3-dimensional rectangular coordi-
nate axes are fixed to the particular target position.  Also, an A4 size curved paper
sheet is included in the Figures 4(a) and 4(c) as an extra rough reference of the target
physical dimensions.
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Fig 4. An example of a series of captured images

Using these captured images and the relationships (1)-(3), we calculated and com-
piled the graphics data.  After obtaining the graphic object data, we recovered the
electronic calculator image.  Figure 5 shows one of the recovered calculator images.
As shown in Figure 5, the shape of target electronic calculator is roughly reproduced.
This roughness reflects the fuzzy nature of human pattern recognition and the ambi-
guity in the course of interactive generation of vertex points via graphics compilation.
We can refine it by utilizing the selected object-centered information such as object
shape information and image analysis information such as wavelet analysis informa-

(b) The 2nd captured image.(a) The 1st captured image.

(c) The 3rd captured image.
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tion in generating the vertex points.  By semi-transparently overlaying the reproduced
images on the original images, they are further interactively refined to any extent as
required.  Refinement by interactive semi-transparent overlay is being pursued as
another research theme.

Fig 5. An example of a reproduced image

Thus, we have worked out a prototype graphics compiler and have made a basic veri-
fication of our methodology proposed here.  The selected target object is relatively
simple and is only to illustrate our image capturing and reproducing method at the
most primitive level up to 3-cells as we have discussed so far.

4 Conclusion

We have developed a new methodology named a graphics compiler.  An engine of
the graphics compiler based on the space indexing approach has been described.
After obtaining a set of complete geometrical object cells by the graphics compiler,
the target object shapes are recovered in a 3-dimensional manner and projected onto a
2-dimensional screen.

The graphics compiler is an innovative methodology that translates the captured
image data into a set of reusable basic geometrical objects containing the complete 3-
dimensional graphics information.  Hence, the original target object can be visualized
on demand as seen from any sides.
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To be more specific, after capturing a graphics target images dynamically, a series
of captured image data is compiled and then the complied objects are stored in a
graphics database.  A sequence of images of the target objects captured at different
time instances makes it possible to produce a set of compiled shape information of the
objects containing a complete 3-dimensional geometrical shape information that also
inherits topological properties in cellular structured spaces.  Thus, the captured shapes
are turned into reusable components to build new graphics contents freely by assem-
bling them.   

When a hardware chip realizes this graphics compiler as a system-on-chip, it leads
us to a new graphics technology.

This paper has outlined the designing strategy of the graphics compiler and the basic
properties of the hierarchical space indexing method.  A simple example has shown
our new methodology for image data capturing.  Another example to illustrate the
reusability of the compiled object data is under preparation.  Further research is in
progress for wide applications including sporting motion capturing and dynamic
scene capturing.
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VideoVR: A Real-Time System for Automatically
Constructing Panoramic Images from Video Clips
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Abstract. An authoring system is proposed to construct panoramic images of
real-world scenes from video clips automatically. Instead of using special
hardware such as fish-eye lens, our method is less hardware-intensive and more
flexible to capture real-world scenes without loss of efficiency. Unlike current
panoramic stitching methods, where users need to select a set of images before
constructing a panoramic image, our system will choose essential frames and
stitch them together automatically in 16 seconds on a Pentium-II PC. In
addition to popular image-based VR data formats, we also output the panoramic
images in VRML97 format.

1  Introduction

In recent years, panoramic images have been widely used to build virtual
environments from real-world scenes[1,2,8,10,11,12]. Hybrid geometry- and image-
based approach for the rendering of architectures is also propose [13]. Besides using
special hardware to capture panoramic images of real-world scenes[5,6,9], a number
of techniques based on “stitching” have been developed[10,11,12]. However, most of
the techniques of this class are of high computational complexity, need multiple steps
to build a single panoramic image, and users are required to adjust parameters
interactively.

In this paper, we introduce a real-time system to capture panoramic images of real-
world scenes automatically[3] by simply panning a hand-held camcorder. Our
implementation of constructing a panoramic image from 6 seconds long CIF format
video clip takes 16 seconds on a Pentium II-233 PC.

2  System Overview

Video clips provide more information about recorded scenes than that of photos. Due
to the characteristic of high similarity and low difference between successive video
frames, correctness rate of stitching is higher. In general, for a 320x240 true-color
video clip, the uncompressed data rate is about 6.6 Megabytes per second. To
efficiently construct panoramic images, we use the folowing multi-stage approach:
Stage1:  Capture and choose necessary frames
Stage2:  Calculate accurate translation of selected frames, and stitch them together
Stage3:  Cylindrical stitching
Stage4:  Output in VRML97 format or other formats
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F

In general, stitching and constructing a 360°  panoramic image needs 15 to 30
images in average. It is unnecessary to use all frames in video clips to construct a
single panoramic image. So, capturing and choosing necessary frames in entire video
clips is done at the first stage. Then, the next stage is to stitch together selected
frames. The algorithm to capture and stitch frames is described in section 3.

After the completion of stitching all selected frames, seeking and stitching the
beginning and the ending parts is needed to construct a 360°  panoramic image.
Section 4 describes this algorithm.

3. Capturing and Stitching Frames

The method we use to stitch two frames together is by minimizing the gradient error
between two frames, and uses the following equation,

(1)

where G is gradient operator, (Dx, Dy) is the translation which is the same for all
pixels, (x’+Dx,y’+Dy) and (x,y) are corresponding points in two images, and E is
error term.

In the first stage, choosing a frame depends on the distance of the translation
between previously selected frames. If the distance is smaller than a threshold (we use
one-sixteenth of frame size), the frame is dropped until there are enough distance
between previously selected frames. In this stage, all we want to know is the
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pproximate distance to decide whether to choose a frame or not. Therefore, we us
ecimated image of the full frame to calculate the translation efficiently usin
quation (1). For example, we first sub-sample an 64x48 image from 320x240 image
ext, prediction is used to decrease the search space, which allows this algorithm t
e more efficient. In our implementation, this stage could process the input vide
lips in real-time.

To accurately stitch together selected frames, the error that happens durin
alculating the translation can not be ignored. So, we make a local search to find th
inimal gradient error in stage 2. After obtaining accurate translation, the selecte
ames are painted on a canvas according to their translation. To reduc
(b)

ig. 1. Capturing and stitching frames: (a) six frames in video clips; (b) stitched frame in a
panoramic image
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discontinuities in intensity and color between frames, we weight the pixels in each
frame proportionally to their distance away from its border. Fig 1 shows the selected
frames from video clips and the stitched image.

4.  Cylindrical Stitching

To construct a 360°  panoramic image, seeking and stitching the beginning and the end
of a canvas which is constructed in stage2 (Fig 2a, 3a) is needed. The way to seek is
also depending on equation (1). We get a block from the right side of the canvas, and
match it in the left region. Once the correct location is found, the redundant region
will be clipped out. However, due to accumulated errors during stitching frames, the
vertical location of the beginning of the canvas can be different from the vertical
location of the end. To solve this problem, the canvas (Fig 2a, 3a) is sheared smoothly
to compensate for vertical difference (Fig 2b, 3b).

 5.  Conclusion

In this paper, we have developed a real-time system to capture panoramic images of
real-world scenes automatically from video clips. We take advantage of using video
clips because it provides a lot of information. We also avoid redundant video frames
by choosing essential frames and then stitching them together. There is a fundamental
assumption that focal length and aperture change slowly between successive frames
and do not change in tilting or rotation. Therefore, instead of warping the input frames
and estimating the focal length [1, 11] to stitch frames in cylindrical coordinate, input
frames were stitched together directly to construct panoramic images. In short, this is
not intended for challenging cases of forward motion and of zoom, but for quick
construction in “rotation” only cases. Experiment results are given in Table 1. After
the panoramic image is constructed, it can be converted to other formats and we can

(a)

(b)

  Fig. 3. Outdoor scene (a) capturing and stitching frames; (b) cylindrical stitching

(a)

(b)

  Fig. 2. Indoor scene (a) capturing and stitching frames; (b) cylindrical stitching
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use some image-based browsers such as LivePicture[8] and PhotoVR[14] to navigate
it in Web pages. In our implementation, we can also output the panoramic images in
VRML97 format. This allows us to use standard VRML browsers to navigate. For
further information, such as executable programs and demos, please refer to
http://www.cmlab.csie.ntu.edu.tw/cml-/g/VideoVR.
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Abstract. Given uncalibrated video sequences, how can we recover rich
descriptions of the scene content, beyond two-dimensional (2D) measure-
ments such as color/texture or motion fields – descriptions of shape and
three-dimensional (3D) motion? This is the well known structure from
motion (SFM) problem. Up to now, SFM algorithms proceeded in two
well defined steps, where the first and most important step is recover-
ing the rigid transformation between two views, and the subsequent step
is using this transformation to compute the structure of the scene in
view. This paper introduces a novel approach to structure from motion
in which both steps are accomplished in a synergistic manner. It deals
with the classical structure from motion problem considering a calibrated
camera as well as the extension to an uncalibrated optical device. Exist-
ing approaches to estimation of the viewing geometry are mostly based on
the use of optic flow, which, however, poses a problem at the locations
of depth discontinuities. If we knew where depth discontinuities were,
we could (using a multitude of approaches based on smoothness con-
straints) accurately estimate flow values for image patches corresponding
to smooth scene patches; but to know the discontinuities requires solving
the structure from motion problem first. In the past this dilemma has
been addressed by improving the estimation of flow through sophisti-
cated optimization techniques, whose performance often depends on the
scene in view. In this paper we follow a different approach. We directly
utilize the image derivatives and employ constraints which involve the
3D motion and shape of the scene, leading to a geometric and statistical
estimation problem. The main idea is based on the interaction between
3D motion and shape which allows us to estimate the 3D motion while
at the same time segmenting the scene. If we use a wrong 3D motion
estimate to compute depth, we obtain a distorted version of the depth
function. The distortion, however, is such that the worse the motion es-
timate, the more likely we are to obtain depth estimates that are locally
unsmooth, i.e., they vary more than the correct ones. Since local vari-
ability of depth is due either to the existence of a discontinuity or to
a wrong 3D motion estimate, being able to differentiate between these
two cases provides the correct motion, which yields the “smoothest” es-
timated depth as well as the image locations of scene discontinuities.
We analyze the new constraints introduced by our approach and show
their relationship to the minimization of the epipolar constraint, which
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becomes a special case of our theory. Finally, we present a number of ex-
perimental results with real image sequences indicating the robustness of
our method and the improvement over traditional methods. The result-
ing system is a video yardstick that can be applied to any video sequence
to recover first the calibration parameters of the camera that captured
the video and, subsequently, the structure of the scene.

1 Introduction and Motivation

In this paper, instead of attempting to estimate flow at all costs before pro-
ceeding with structure from motion, we ask a different question: Is it possible
to utilize local image motion information, such as normal flow for example, in
order to obtain knowledge about scene discontinuities which would allow better
estimation of 3D motion? Or, equivalently, is it possible to devise a procedure
that estimates scene discontinuities while at the same time estimating 3D mo-
tion? We show here that this is the case and we present a novel algorithm for
3D motion estimation.

The idea behind our approach is based on the interaction between 3D motion
and scene structure, which only recently has been formalized [3]. If we have a
3D motion estimate which is wrong and we use it to estimate depth, we ob-
tain a distorted version of the depth function. Not only do incorrect estimates
of motion parameters lead to incorrect depth estimates, but the distortion is
such that the worse the motion estimate, the more likely we are to obtain depth
estimates that locally vary much more than the correct ones. The correct mo-
tion then yields the “smoothest” estimated depth and we can define a measure
whose minimization yields the correct egomotion parameters. The measure can
be computed from normal flow only, so the computation of optical flow is not
needed by the algorithm.

Intuitively, the proposed algorithm proceeds as follows: first, the image is
divided into small patches and a search for the 3D motion – which, as explained
in Sect. 3, takes place in the 2D space of translations – is performed. For each
candidate 3D motion, using the local normal flow measurements in each patch,
the scene depth corresponding to the patch is computed. If the variation of
depth for all patches is small, then the candidate 3D motion is close to the
correct one. If, however, there is a significant variation of depth in a patch, this
is either because the candidate 3D motion is inaccurate or because there is a
discontinuity in the patch. The second situation is differentiated from the first
if the distribution of the depth values inside the patch is bimodal with the two
classes of values spatially separated. In such a case the patch is subdivided into
two new ones and the process is repeated. When the depth values computed
in each patch are smooth functions, the corresponding motion is the correct
one and the procedure has at the same time given rise to the locations of some
discontinuities.

The organization of the paper is as follows: Sect. 2 defines the imaging model
and describes the equations of the motion field induced by rigid motion; it also
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makes explicit the relationship between distortion of depth and errors in 3D
motion. Sect. 3 is devoted to an outline of the approach taken here and the
description of the algorithm. It also analyzes the introduced constraints and
formalizes the relationship of the approach to algorithms utilizing the epipolar
constraint. Sect. 4 generalizes the algorithm to the case of uncalibrated imaging
systems and Sect. 5 describes a number of experimental results with real image
sequences.

2 Preliminaries

The camera is a standard calibrated pinhole with focal length f and the coor-
dinate system OXY Z is attached to the camera, with Z being the optical axis.
Image points are represented as vectors r = [x, y, f ]T, where x and y are the im-
age coordinates of the point and f is the focal length in pixels. A scene point R
is projected onto the image point

r = f
R

R · ẑ (1)

where ẑ is the unit vector in the direction of the Z axis. Let the camera move
in a static environment with instantaneous translation t and instantaneous ro-
tation ω (measured in the coordinate system OXY Z). Then a scene point R
moves with velocity (relative to the camera)

Ṙ = −t− ω ×R (2)

The image motion field is then the usual:

ṙ = − 1
(R · ẑ) (ẑ× (t× r)) +

1
f

ẑ× (r× (ω × r)) =
1
Z

utr(t) + urot(ω) (3)

where Z is used to denote the scene depth (R · ẑ), and utr,urot the direction
of the translational and the rotational flow respectively. Due to the scaling am-
biguity, only the direction of translation (focus of expansion – FOE, or focus
of contraction – FOC, depending on whether the observer approaches or moves
away from the scene) and the three rotational parameters can be estimated from
monocular image sequences.

The structure of the scene, i.e., the computed depth, can be expressed as
a function of the estimated translation t̂ and the estimated rotation ω̂. At an
image point r where the normal flow direction is n, the inverse scene depth Ẑ
can be estimated from (3) as

1
Ẑ

=
ṙ · n− urot(ω̂) · n

utr(̂t) · n
(4)

where urot(ω̂),utr(̂t) refer to the estimated rotational and translational flow
respectively.
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Substituting into (4) from (3), we obtain

1
Ẑ

=
1
Z

utr(t) · n− Zurot(δω) · n
utr (̂t) · n

where urot(δω) is the rotational flow due to the rotational error δω = (ω̂ − ω).
To make clear the relationship between actual and estimated depth we write

Ẑ = Z ·D (5)

with

D =
utr(̂t) · n

(utr(t)− Zurot(δω)) · n
hereafter termed the distortion factor. Equation (5) shows how wrong depth
estimates are produced due to inaccurate 3D motion values. The distortion factor
for any direction n corresponds to the ratio of the projections of the two vectors
utr(̂t) and utr(t) − Zurot(δω) on n. The larger the angle between these two
vectors, the more the distortion will be spread out over the different directions.
Thus, considering a patch of a smooth surface in space and assuming that normal
flow measurements are taken along many directions, a rugged (i.e., unsmooth)
surface will be computed on the basis of wrong 3D motion estimates.

To give an example, we show the estimated depth for a sequence taken with
a hand-held camera in our lab, which we will refer to throughout the paper as
“the lab sequence” (one frame is shown in Fig. 1a). For two different translations
we estimate the rotation from the vectors perpendicular to the respective trans-
lational vectors, as explained in Sect. 3.1, and plot the estimated values of (4).
Notice the reasonably smooth depth estimates for the correct FOE in Fig. 1b,
and compare the sharp changes in the depth map (neighboring black and white
regions) in Fig. 1c.

(a) (b) (c)

Fig. 1. (a) One input frame of the lab sequence. (b) Inverse depth estimated for
the correct FOE ((397,−115) pixels from the image center). (c) Inverse depth
for an incorrect FOE ((−80, 115) pixels from image center). The grey-level value
represents inverse estimated depth with mid-level grey shown in places where
no information was available; white represents positive 1/Ẑ and black represents
negative 1/Ẑ
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3 Estimating 3D Motion and Structure

There exists a lot of structure in the world and almost any scene can be thought
of as a collection of smooth surface patches separated by abrupt discontinuities.
Here the term “smoothness” is not used to mean differentiability, but rather to
describe small depth changes within the individual surface patches.

Many previous approaches have used the assumption of locally smooth (con-
stant, linear, or smoothly varying) scene depth. Without the detection of depth
discontinuities, however, such approaches are based on an assumption which is
not valid everywhere in the image. Explicit consideration of the depth discon-
tinuities brings about one fundamental difference. If (and only if) we are able
to detect the depth boundaries between surface patches, we no longer need to
make smoothness assumptions; we are merely utilizing a property of the world
which in the sequel we call the “patch smoothness constraint.”

The significance of incorporating the discontinuities has long been under-
stood, and in the past various efforts have been made to estimate smooth flow
fields while at the same time detecting discontinuities. (See, for example, Heitz
and Bouthemy [5].) Previous work, however, is based on 2D image information
only. Here, we attempt to bring in information about the 3D world, in particular
the 3D motion and the depth of the scene, and to utilize it together with image
measurements for segmentation.

In classical approaches the process of optic flow estimation, which involves
smoothing, is separated from the process of 3D motion estimation and struc-
ture computation. After optic flow has been fitted to the image data, that is
the normal flow, the information about the goodness of the fit is discarded and
not considered in the later processes. By combining the processes of smoothing,
3D motion and structure estimation, we utilize this information in all the pro-
cesses. The estimation of structure and motion thus becomes a geometrical and
statistical problem. The challenge lies in understanding how the statistics of the
input relate to the geometry of the image information and how to combine the
constraints in an efficient way in the development of algorithms.

Due to the large number of unknowns, it is not possible to carry out the
computations in a strict bottom-up fashion; they have to be performed in a
feedback loop. In the proposed algorithm, first preliminary candidate motion
estimates are obtained which are used to segment the scene. On the basis of
the segmentation, the 3D motion is recomputed. The basic approach of the
algorithm is quite simple. For a given candidate translation, we perform the
following steps: estimate the rotation, perform depth segmentation, and finally
evaluate a measure of depth smoothness taking into account the segmentation.
A search in the space of translations for a minimum of the smoothness measure
then yields the best 3D motion. Next we describe a fast technique to estimate the
rotation, which is used only to narrow the space of possible 3D motion estimates.
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3.1 Projections of Motion Fields and Estimation of Rotation

The search for candidate 3D motions is achieved by searching for the transla-
tional component, i.e., the FOE. Given a candidate FOE, we need to estimate
the rotation that best fits the image data together with that translation. One
possibility is to examine normal flow vectors, in particular, directions. Of par-
ticular interest are the copoint projections [4], where the flow vectors are pro-
jected onto directions perpendicular to a certain translational flow field. Let
point t̂ be the FOE in the image plane of this translational field and con-
sider the vectors emanating from t̂. Vectors perpendicular to such vectors are
vcp(r) = ẑ× utr(̂t) = ẑ× (ẑ× (̂t× r)).

Let the camera motion be (t,ω). The projection of the flow (3) onto vcp is

ṙ · vcp

‖vcp‖ =
1

‖vcp‖
(

1
Z
f (t× t̂) · r + (ω × r) · (̂t× r)

)
(6)

In particular, if we let t̂ = t, the translational component of the copoint
projection becomes zero and (6) simplifies into

ṙ · vcp

‖vcp‖ =
1

‖vcp‖ (ω × r) · (̂t× r) (7)

Equation (7) can serve as a basis for estimating the rotation. Assume that
the translation t is known. As long as there are some normal flow measurements
in the direction of the appropriate copoint vectors, we can set up a linear least
squares minimization to estimate ω. Thus, theoretically the 3D motion can be
estimated by fitting the best rotation for every candidate translation and check-
ing the size of the residual of the fit. It is easy to compute rotation from copoint
vectors, but the dependence on the existence of suitable image measurements is
crucial in practice, since such measurements may not be available. As the good-
ness of the rotational fit doesn’t change smoothly between neighboring FOE
candidates, it becomes difficult to speed up the search for the correct 3D motion
with gradient descent methods. Nevertheless, the residual of the least squares
estimate (scaled to account for the varying number of measurements) is usually
sufficient to approximately locate the region of interest that most probably con-
tains the correct translation. We thus use this measure first to narrow the space
of solutions and then apply the more sophisticated criterion explained in the
next section.

3.2 The Criterion

Consider a small image region R that contains a set of measurements ṙi with
directions ni. Given candidate motion parameters, we can estimate the inverse
depth from (4) up to the overall scale ambiguity. To treat different patches
equally, we normalize the estimated translation utr(̂t) to be a unit vector in the
middle of the region.
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One possible measure of depth variation is the variance of the depth values,
or, rather, the sum of squared differences of the depth values from a mean 1/Z̄:

∑
i

(
ṙi · ni − urot(ω̂) · ni

utr(̂t) · ni

− 1
Z̄

)2

(8)

Approaches that directly evaluate variations of estimated depth (or inverse
depth) include [1][6]. However, depth estimates may present a numerical prob-
lem, since for many measurements the depth estimate is unreliable (due to di-
vision by a small utr · n). Thus we can either ignore many measurements where
the depth estimate is unreliable, making comparisons between different transla-
tions difficult, or, alternatively, we have to deal with numerical instabilities. We
choose a third possibility, defining a whole family of depth smoothness measures
that includes the variance of estimated depth as well as many other measures.

In region R we compute

Θ0(̂t, ω̂,R) =
∑

i

Wi

(
ṙi · ni − urot (ω̂) · ni − (1/Ẑ)(utr

(
t̂
) · ni)

)2 (9)

where 1/Ẑ is the depth estimate minimizing the measure, i.e., not necessarily
the mean 1/Z̄.

By setting Wi = 1/(utr(̂t)·ni)2 we obtain (8). Another natural choice is Wi =
1. Then Θ0 becomes the sum of squared differences between the normal flow
measurements and the corresponding projections of the best flow obtained from
the motion parameters. This measure has been used in [7].

With different choices of Wi we can either emphasize the contributions from
the copoint vectors (that is, the vectors perpendicular to the translational com-
ponent), which are independent of depth, or the vectors parallel to the trans-
lation, which are most strongly influenced by depth. As long as we keep Wi

bounded, criterion (9) nicely combines the contribution of the two perpendicu-
lar components. In our algorithm we use two sets of weights to achieve different
numerical properties for the estimation of different parameters, as will be dis-
cussed later in the paper.

We first minimize Θ0 with respect to 1/Ẑ. The best inverse depth is

1
Ẑ

=
∑

iWi (ṙi · ni − urot (ω̂) · ni)
(
utr

(
t̂
) · ni

)
∑

iWi

(
utr

(
t̂
) · ni

)2 (10)

If more precision is required (in our experiments with small patches, the
constant approximation worked quite well), we can model the scene patch by a
general plane and use a linear approximation 1/Ẑ = z · r (note that the third
component of r is a constant f , so z · r is a general linear function of the image
coordinates). Then we have

∂Θ0(̂t, ω̂,R)
∂z

=
∑

i

Wi (z · ri)(utr (̂t) · ni)2ri

−
∑

i

Wi (ṙi · n− urot(ω̂) · ni)(utr (̂t) · ni) ri = 0 (11)

a set of three linear equations for the three components of z.
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Substituting (10) (or the solution of (11)) into (9), we obtain Θ1(̂t, ω̂,R),
a second order function of ω̂. Notice that the computation can be performed
symbolically even when ω̂ is not known. This allows us to use the same equations
to obtain both the rotation and a measure of depth smoothness.

To estimate ω̂, we sum up all the local functions and obtain a global function:

Θ2 (̂t, ω̂) =
∑
R
Θ1(̂t, ω̂,R) (12)

Finally, global minimization yields the best rotation ω̂ and also a measure of
depth smoothness for the apparent translation t̂:

Φ(̂t) = min
ω̂

Θ2(̂t, ω̂) (13)

The computation of Φ(̂t) involves two separate steps. First we estimate the
best rotation ω̂ and in the second step we evaluate the global smoothness mea-
sure for the motion (̂t, ω̂). In the two steps of computing Φ(̂t) we choose different
weights Wi in function Θ0.

To estimate the rotation, we use one set of weights W ′
i defining Θ′0 and

subsequently Θ′1, Θ
′
2. The rotation is computed as

ω̂0 = argmin
ω̂

Θ′2 (̂t, ω̂)

We also define Θ0 using a different set of weights Wi. Functions Θ1 and Θ2 are
derived from Θ0 and the global depth smoothness function Φ(̂t) becomes

Φ(̂t) = Θ2(̂t, ω̂0) = Θ2(̂t, argmin
ω̂

Θ′2(̂t, ω̂)) (14)

Now we need to describe our choices of the weights. Ideally, if we could guar-
antee the existence of a sufficient number of copoint measurements, we could
estimate the rotation ω̂ from (7). Such measurements are independent of the
scene depth; thus they are the best source of information about ω̂ and con-
sequently should have more influence on Θ0. Direct evaluation of the depth
variance, however, means that in (8) the weighting factor for copoint vectors
tends to infinity.

To prevent numerical instability, the weightsW ′
i should certainly be bounded.

For the rotation estimation part, we use

W ′
i =

1
cos2 ψi + λ

(15)

where ψi is the angle between utr(̂t) and ni, λ is a small positive number.
After we use weights W ′

i to obtain the best rotation from Θ′2, we need to
evaluate a global depth smoothness function to obtain Φ(̂t). As we need to
compare Φ(̂t) values for different directions of t̂, we choose constant weights

Wi = 1 (16)
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Then the contribution to Φ(̂t) of a single normal flow measurement is (ṙi · ni −
urot(ω̂) · ni − (1/Ẑ)(utr (̂t) · ni))2 and has a clear geometrical meaning. It is the
squared difference between the normal flow and the corresponding projection
of the best flow obtained from the motion parameters. More importantly, such
squared errors can be easily compared for different directions of t̂.

3.3 Algorithm Description

The translation is found by localizing the minimum of function Φ(̂t) described
in (14). To obtain Φ(̂t):

1. Partition the image into small regions, in each region compute Θ′0(̂t, ω̂,R)
using (15), and perform local minimization of Ẑ (the computation is symbolic
in the unknown elements of ω̂). After substitution, the function becomes
Θ′1 (̂t, ω̂,R). At the same time, compute Θ0 and Θ1 using (16).

2. Add all the local functions Θ′1(̂t, ω̂,R) and minimize the resulting Θ′2 (̂t, ω̂)
to obtain ω̂0. Also add Θ1 (̂t, ω̂,R) to obtain Θ2(̂t, ω̂).

3. Estimate depth using t̂, ω̂0 and perform patch segmentation.
4. Taking the segmentation into account, update both Θ2 and Θ′2, use Θ′2 to

compute a better rotational estimate, and the updated Θ2 then provides
Φ(̂t).

After the segmentation, we recompute the error measure by enforcing smooth-
ness only within image regions that do not contain a depth discontinuity. How-
ever, it is not necessary to re-derive Θ1 for all the image regions, as we need
to compute the change of Θ1 only for the regions that are segmented. To find
the minimum of Φ and thus the apparent translation, we perform a hierarchi-
cal search over the two-dimensional space of epipole positions. In practice, the
function Φ is quite smooth; that is, small changes in t̂ give rise to only small
changes in Φ. One of the reasons for this is that for any t̂, the value of Φ(̂t) is
influenced by all the normal flow measurements and not only by a small subset.
Furthermore, as explained before, Φ(̂t) is only computed when the residual of
fitting the copoint vectors (7) is small enough. The details of the segmentation
process will not be discussed here due to lack of space. The interested reader is
referred to [2].

3.4 Algorithm Analysis

Consider the function Θ0 in a small image region R. The vectors utr (̂t) and
urot(ω̂) are polynomial functions of image position r and can usually be approx-
imated by constants within the region. We use a local coordinate system where
utr(̂t) is parallel to [1, 0, 0]T. Without loss of generality we can write (in that
coordinate system)

utr(̂t) = [1, 0, 0]T urot(ω̂) = [urx, ury, 0]T

ni = [cosψi, sinψi, 0]T uni = ṙi · ni
(17)
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As the following analysis proves, the depth smoothness measure for a single
image region can be decomposed into two components, one component which
measures the deviation of the patch from a smooth scene patch (which is a fronto-
parallel plane in the given analysis) and a second component which constitutes
a multiple of the epipolar constraint. To show this, consider the problem of
fitting the best constant optical flow (ux, uy) to the measurements in R, using
weights Wi, i.e., minimizing∑

i

Wi (uni − (ux, uy) · ni)
2 (18)

The vector (ux, uy) minimizing (18) is obtained by differentiating (18) and
solving a linear system. We obtain(

ux

uy

)
=

1
SccSss − S2

cs

(
Sss −Scs

−Scs Scc

) (
Suc

Sus

)
(19)

and the minimum error is

EF = Suu − 1
SccSss − S2

cs

(S2
usScc + S2

ucSss − 2SucSusScs) (20)

with
Scc =

∑
Wi cos2 ψi Suc =

∑
Wi uni cosψi

Scs =
∑
Wi cosψi sinψi Sus =

∑
Wi uni sinψi

Sss =
∑
Wi sin2 ψi Suu =

∑
Wi u

2
ni

(21)

Using the notation (17) we have

Θ0 =
∑

i

Wi

(
uni − urx cosψi − ury sinψi − 1

Ẑ
cosψi

)2 (22)

It can be verified that urx only shifts the best 1/Ẑ, but it does not influence
the final measure. Thus we can set urx to zero without loss of generality and
expand Θ0 to Θ0 = Suu +u2

rySss +(1/Ẑ)2Scc−2urySus−21/ẐSuc +21/ẐuryScs.
Minimization of Θ0 yields 1/Ẑ = (Suc − uryScs)/(Scc). Let us denote ury =
uy + δury. Measure Θ1 is thus obtained by substituting the above equations into
Θ0. We obtain

Θ1 =
SccSss − S2

cs

Scc
δu2

ry + EF (23)

As we show in the next section, if the optical flow in the patch were estimated
based on minimization of (18), δury would represent the distance of the estimated
flow from the epipolar line.

Thus the first component in (23) is related to the epipolar constraint and it
depends on the 3D motion estimate, as well as the gradient distribution in the
patch. The second component in (23), EF, represents how well the scene is ap-
proximated by a plane and it is independent of the 3D motion estimate. In classic
approaches, after optic flow is computed, the term EF is not considered any fur-
ther and the estimation of 3D motion parameters is based only on the distance
from the epipolar line. Here we keep this term to utilize it for segmentation.
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3.5 The Epipolar Constraint

The depth smoothness measure is closely related to the traditional epipolar
constraint and we examine the relationship here. In the instantaneous form the
epipolar constraint can be written as

(ẑ× utr(̂t)) · (ṙ− urot(ω̂)) = 0 (24)

Usually, the distance of the flow vector ṙ from the epipolar line (determined
by utr(̂t) and urot(ω̂)) is computed, and the sum of the squared distances, i.e.,

∑(
(ẑ× utr (̂t)) · (ṙ − urot(ω̂))

)2
(25)

is minimized.
Methods based upon (25) suffer from bias, however, and a scaled epipolar

constraint has been used to give an unbiased solution:

∑ (
(ẑ× utr(̂t)) · (ṙ− urot(ω̂))

)2

‖utr(̂t)‖2
(26)

Again, we use the coordinate system and notation of (17). Suppose that the
flow vector ṙ has been obtained by minimization of (18) and write it as (ux, uy).
Substituting into (26) we obtain

(
(ẑ× utr(̂t)) · (ṙ− urot(ω̂))

)2

‖utr(̂t)‖2
= (uy − ury)

2 = δu2
ry (27)

Equations (27) and (23) illustrate the relationship of the epipolar constraint
(for the general case using non-standard weights to estimate flow) and the
smoothness measure Θ1.

4 Uncalibrated Camera and Self-Calibration

In the case of an uncalibrated camera the approach remains essentially the same,
although technically more involved, and will not be described here. The inter-
ested reader is referred to [2]. In this case, the image motion field is

ṙ = − 1
F (R · ẑ)

(ẑ× (Kt× r)) +
1
F

(ẑ× (r× (K[ω]×K−1r)))

=
1
Z

utr(Kt) + u′rot(K[ω]×K−1) (28)

where Z is used to denote the scene depth (R · ẑ) and

[ω]× =


 0 −γ β

γ 0 −α
−β α 0


 , K =


 fx s ∆x

0 fy ∆y

0 0 F



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the matrix of the calibration parameters in common notation F is a constant we
can choose, also used as the third coordinate of image point vectors [x, y, F ]T.
The translational component of the field is identical to a calibrated transla-
tional field with translation Kt. The rotational component u′rot is slightly more
complicated in the uncalibrated case (compare (28) and (3)). The flow u′rot
is determined by the matrix A = K[ω]×K−1 with seven degrees of freedom.
As shown in [1], for a given translation t̃, matrix A can be decomposed into
A = Ac + At = Ac + F t̃wT + w0 I.

Matrix Ac (also called a copoint matrix) depends on five independent pa-
rameters and is the component of A that can be estimated (together with the
direction of Kt) from a single flow field. The vector w determines the plane at
infinity and it cannot be obtained from a single flow field. Finally, w0 can be
computed from the condition trace A = 0. If t̂ is an estimate of Kt and Âc an
estimate of the copoint matrix Ac, we use u′rot(Âc) instead of urot(ω̂) in (9) to
obtain

Θ0 (̂t, Âc,R) =
∑

i

Wi

(
ṙi · ni − u′rot(Âc) · ni − (1/Ẑ)(utr(̂t) · ni)

)2 (29)

The solution proceeds as before, with one difference. In the calibrated case, the
rotational component of ṙ can be compensated for completely by the correct ω̂.
Here, the unknown parameters in Â introduce a component of the image normal
flow in the form (w · r)utr (̂t) that cannot be expressed as part of u′rot(Âc).
We therefore have to use a linear fit to the scene inverse depth 1/Ẑ = (z · r),
i.e., define Θ1 using the solution of (11). Then z incorporates the unknown
rotational parameters w and the resulting smoothness criterion is independent
of the rotation.

5 Experimental Results

We present various experiments testing the different aspects of the introduced
method. In particular, we demonstrate the ability of the technique to extract
depth edges and provide a comparison between the smoothness measure and
the epipolar constraint. The optical flow fields needed in the comparison were
derived with the method of Lucas and Kanade. Throughout this section, two
sequences are used, the lab sequence, as shown in Fig. 1a, and the well known
Yosemite fly-through sequence.

Experiment 1. In this experiment we evaluated the accuracy in 3D motion es-
timation. In particular, we compared our method using a minimization based on
the function Φ(̂t) without segmentation, with segmentation, and a minimization
based on the epipolar constraint.

For the Yosemite sequence, both our method and the epipolar minimization
perform quite well. The known epipole location in the image plane was (0,−100).
The estimated epipole locations for the different methods are summarized in
Table 1.
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Experiment 2. The lab sequence contained several significant depth discon-
tinuities and for the majority of frames our method performed better than the
epipolar minimization. No ground truth was available, but we visually inspected
the instantaneous scene depth recovered. Out of a 90-frame subsequence tested
with both methods, the epipolar minimization yielded 25 frames with clearly
incorrect depth (i.e., many negative depth estimates or reversed depth order
for large parts of the scene). The performance of our method was significantly
better, as only 7 frames yielded clearly incorrect depth. Some failures of the
epipolar minimization are shown in Fig. 2. For some frames, the recovered depth
was reversed, i.e., the background was closer than the foreground, as in Fig. 2b.
In other frames, some parts of the scene had negative recovered depth, as in
Fig. 2d, where the black regions correspond to negative depth.

(a) (b)

(c) (d)

Fig. 2. Comparison of recovered inverse depth for the lab sequence using the
epipole positions as estimated with the proposed algorithm and the epipolar
minimization. (a, b) Frame 134. (a) Depth variation, epipole: (377,−125), (b)
Epipolar minimization, epipole: (−612, 256). (c, d) Frame 142. (a) Depth varia-
tion, epipole: (483,−123), (b) Epipolar minimization, epipole: (−153, 18)

Experiment 3. The lab sequence was taken by a hand-held Panasonic D5000
camera with a zoom setting of approximately 12mm. Unfortunately, the effective
focal length of the pinhole camera model was also influenced by the focus setting
and we thus knew the intrinsic parameters only approximately. The internal
parameters were fixed and were approximately fx = fy = 450,∆x = ∆y = s = 0.
The focal lengths were slightly overestimated, but consistent for different frames
of the sequence. The calibration results are summarized in Table 2.
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Table 1. Estimated epipole loca-
tions for the Yosemite sequence.

Table 2. Self-calibration results for
the lab sequence.

method epipole

ground truth (0.0,−100.0)
epipolar minimization (10.5,−94.8)

Φ(̂t) (no segmentation) (2.4,−96.7)
Φ(̂t) (incl. segmentation) (0.0,−103.6)

frms. fx fy ∆x ∆y s

001–300 536 522 16 26 3
001–100 541 543 −33 6 −25
101–200 544 475 26 −38 14
201–300 548 513 −11 8 6

Experiment 4. The self-calibration results can be used to build Euclidean
models of the scene, but further research is needed to link the individual frames
and reliably combine the partial depth estimates in order to create a volumetric
model of the scene. Here we present a reconstruction that shows the depth values
obtained from the Lab sequence during the motion estimation process.

Fig. 3. Two views of a 3D reconstruction of the recovered depth combined from
15 image frames

6 Conclusions

In classical approaches to visual motion analysis the processes of smoothing, 3D
motion estimation, and structure estimation are separated from each other. Sta-
tistical information obtained from the raw data in early processes (image motion
estimation) is not utilized any longer in later ones (3D motion and structure es-
timation). By combining the different processes one can utilize this information
throughout. This gives us the potential ability to solve the problem of struc-
ture from motion without making assumptions regarding the scene structure
throughout the computations. Such an approach was developed in this paper.
We computed 3D motion and structure by minimizing function Θ1 defined on
the normal flow data. We showed that at an image patch Θ1 = C δu2

ry+EF, with
EF the error of the least squares fit to the image measurements of an optical flow
corresponding to a linear scene depth, δury the deviation from the epipolar con-
straint and C a factor that depends only on the positions and directions of the
normal flow measurements in the region. The larger the variation of the normal
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flow directions, the larger C is, thus giving more weight to regions where more
information is available. In a smooth patch (i.e., an image patch corresponding
to a smooth scene patch), EF = 0, making the minimization of Θ1 equivalent
to weighted epipolar minimization. But for a non-smooth patch where the op-
tic flow computation is unreliable, EF 6= 0 and this statistical information was
utilized for finding depth boundaries.
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Abstract. Motion capture is an essential technique for interactive systems, such
as distributed virtual reality, video games, and entertainment. Inverse
kinematics algorithms are often used to minimize the number of trackers
required for motion capture systems. The solving of inverse kinematics
problems can be computationally expensive. We introduce a real-time
algorithm for inverse kinematics computation, originally from the field of
molecular simulation, called SHAKE.  We also describe the implementation of
the algorithm in our motion capture system for avatar motion generation
through constraint dynamics. We demonstrate that the algorithm has advantages
over conventional methods with properties of fast convergence, energy stability,
and constraint system consistency when adding additional constraints.

1. Introduction

Realistic animation of avatars in distributed virtual environments is best achieved
through real-time motion capture for example electromagnetic and optical trackers.
Inverse kinematics methods are often used to minimize the number of trackers
required by solving the values of joint angles of the avatar using constraints such as
geometric relationships of avatar components. However the algorithm needs to
produce results within a time range compatible with the tracker's sampling frequency.
Inverse kinematics algorithms are also used to generate smoothed motion of the
avatar from the goal position through minimization of constraints such as energy [1].

One of the conventional methods to solve inverse kinematics problems is to find the
inverse matrix to the Jacobian Matrix J. Equation (1) gives the relationship between
joint velocities and the velocity of the end-effector [2].
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In many cases, however, such as when J is not a square matrix, there is no unique
inverse to J. This may result in multiple solutions to the same trajectory. Furthermore
the formal method is to minimize the Moor-Penrose generalized inverse matrix [2].

Researchers have used the pseudo-inverse method for gait generation and control
systems [3], [4].

The alternative approach to the above matrix inversion method is to use iterative
optimization techniques to minimize the objective functions for the goal position
approximation.  These objective functions can be any arbitrary functions so long as
they represent the characteristics of the system constraints [5], [1]. The global
minimization is not guaranteed in this kind of approach [6]. Moreover adding extra
constraints to the system is not always straightforward and may change the entire
computational strategy.

For avatar motion generation, the skeleton of the avatar can be considered as a system
of rigid bodies interconnected by joints with fixed inter-joint distances and subject to
the interaction-forces acting on the constraints. In such a case, the methods for solving
the inverse kinematics problem are to find the solutions of the constrained equations
of motion, which can be expressed as differential equations as follows [7]:

Where p, q ˛  Rn, M is a n x n regular (symmetric, positive definite) mass matrix, F(q)

is the (empirical) potential energy function, and l represents the n Lagrange
multipliers or constraint force coupled to the system by the n x n constraint matrix
G:= ¶q /¶ p.

To solve these differential equations, several numerical integration algorithms can be
applied. Iterative discretization schemes for numerical integration of constrained
motion in a Lagrange framework such as the system described as equation (3) are
very popular methods for solving inverse kinematics problems in computer animation
and motion capture [6], [8]. This is because the schemes can provide relatively simple
computational operations and avoid the complex matrix inversion step, which lacks
generality and flexibility for the changes of the geometry and trajectory of the
skeleton.

In this paper, we described the implementation of an alternative solving method for
inverse kinematics computations, which is also an iterative algorithm. It is based on a
numerical algorithm called SHAKE which was originally developed in the field of
molecular dynamics [9], [10]. This algorithm has recently been applied to inverse
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kinematics problems in the field of robotics [2], and we hereby present a real-time
implementation adapted to motion capture for avatar motion generation.

2. The SHAKE Algorithm

The SHAKE algorithm is essentially an iterative algorithm for numerical integration
of constrained motion in a Lagrange framework. The primary purpose of introducing
the algorithm is to reduce computation time by increasing the time step, since
molecular dynamics simulation on large systems is computationally expensive. The
algorithm is considered as a modification to the Verlet method [11] to solve
constrained motions in molecular models in which all constraints can be represented
by fixed distances (angle constraints can also be expressed in this way).  In the
following section, we give a brief overview of the method, which is based on  [12],
[13], [14], and [15].

2.1 The Constrained Chain Structure of  the Avatar

The SHAKE algorithm has been initially described by Ryckaert et al to solve
equations of motion for branched linear chains [9]. It is thus easily adapted to a
skeletal model of an avatar such as the one illustrated in Figure 1, in which the
skeleton has a similar set of constraints.

1

3 4

5 6

7
8

9

2

10 11 12

13 14

15 16       

Fig. 1.   Constrained chains of a skeletal model and an avatar

We designed a chain body structure for our initial implementation, which is a
collection of constraint-joint masses with fixed inter-joint distances.  Sixteen
constraint joints are used.  As the body system possesses a small number of
constraints, the inverse kinematics of the system can be solved efficiently by the
algorithm. The total convergence time of a constraints system is a function of the
number of constraints and the constraint geometry topology. Some experimental work
shows that the time complexity is approximately O (n2), where n is the number of
constraints [12]. In [13], it stated that on a single processor, SHAKE typically takes 5
~ 20 % of the total computation time for a molecular simulation. Adding additional
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constraints can be done without redesigning the existing system. Circular constraints
can also be handled1

2.2 The Algorithm

Considering that all constraints in a linked dynamic system can be represented by
fixed distances, a constraint on the distance between joints i and j can be expressed by
the following geometric relation:

Where r is the vector from joint i to j, and l is the distance from joint i to j.

A simple two-step discretization was used by Verlet [11] to solve unconstrained
equations. In contrast, the SHAKE algorithm is a direct numerical integration scheme
based on the Verlet method to solve the constrained equations of motion, as expressed
in equation (3), using a set of appropriate Lagrange multipliers.  In the case of inverse
kinematics, there is no integration of the potential energy and only the constraint
component has to be integrated.

i

j

i’

i’’

j’

j’’
ir
&d

jr&d

Fig. 2.  The SHAKE algorithm: after i and j are allowed unconstrained displacements (i',j'),
correcting steps are applied to enforce the constraint

The SHAKE algorithm consists of applying correcting vectors to the unconstrained
displacements of the constraint vectors' vertices, as shown in Figure 2. The SHAKE
algorithm involves a two step schemes. The original positions of vertices are firstly
moved by a given small amount of movement, say i-to-i' and j-to-j'.  In order to
restore the constraint, a constraint force is then applied to enforce the vertices moving
toward one another (i'-to-i'' and j'-to-j'') along the vector direction given at the
previous time step rij by amounts that are inversely proportional to their respective

                                                          
1 Ko  & Badler have described the closed-loop problem in their system for animating human

locomotion with inverse dynamics [19].
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masses. The iterations are carried out until the absolute values of all constraints are
within the given tolerance.

Where the correcting step can be derived from a Lagrange-type constraint force acting
to enforce the previously defined constraints [9]:

The constraint force can be expressed with following equation:

From which it can be shown that the correcting vectors take the form:

The corresponding Lagrange multipliers can be computed from the requirement that
the constraint (of length l) should be enforced after applying the correcting step:

Which yields a simple quadratic equation [10]:

Where mi and mj are the masses of the particles linked by the constraint.

For sufficiently small time steps (or in our case sufficiently high sampling
frequencies) the quadratic term can be ignored. This gives the following formula for
g:

As shown in Figure 2, the displacements are parallel to the direction of the original
vector. In this perspective SHAKE essentially consists of applying correcting steps to
those vertices that have moved. As enforcing a constraint might disrupt another
constraint in which the same joint was participating, the SHAKE procedure is iterated
over all the constraints until they are all within a given tolerance. Despite this popular
and “trivial” interpretation, it should not be overlooked that SHAKE belongs to a
family of classical integration approaches and is still “matrix integration in disguise”
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[14]. More specifically, SHAKE is derived from a leapfrog/Verlet approach2, which
was introduced as an alternative to multi-step schemes and Runge-Kutta methods
[14]. It has also been shown that SHAKE is equivalent to a 1-step non-linear Gauss-
Siedel-Newton iteration [15]3. In theory the convergence of SHAKE was not
guaranteed, and it was sometimes referred to as “unreasonably efficient”, however, it
has recently been revisited by Leimkuhler and Skeel [14]. They demonstrate a
mathematical proof for its convergence. Local convergence of SHAKE is guaranteed
precisely when standard Gauss-Seidel iteration converges for the linear system as
long as the unconstrained approximations such as the first displacements to the
system are sufficiently small.

3.  Experimental Results

We adapted the SHAKE algorithm to our motion capture system to solve the inverse
kinematics problem for the avatar motion generation and motion control.
Experiments have been carried out to test the feasibility of SHAKE for avatar motion
generation and to confirm SHAKE's properties in terms of fast convergence and long
term energy stability ("no drift" integration). These two properties are particularly
useful for real-time motion capture applications and computer animation. In these
experiments, each time step corresponds to an unconstrained movement followed by
an application of SHAKE until convergence. Bearing in mind that in the case of
inverse kinematics the positions of the trackers are accurate, we associate extremely
large masses to the joints associated with the trackers to keep them stationery when
resolving the skeletal system using SHAKE e.g. Kastenmeier & Vesely [2] use an
infinite mass.

Ascension
Motionstar
Tracking

System with 5
sensors.

Avatar Skeletal
Definition

Main Avatar Control

SHAKE Inverse
kinematics algorithm

Graphics
Output

Fig. 3.  Overview of the system architecture

                                                          
2 Which explains that SHAKE is sometimes referred to as "constrained Verlet" [10]. Derivation

of SHAKE from the Verlet algorithm is demonstrated in [14].
3 This method arises from iterative solutions based on a Moore-Penrose pseudoinverse matrix

[16] A formulation in terms of the Moore-penrose pseudoinverse matrix is also given by
Kastenmeier &Vesely [2].
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Figure 3 shows the overview of the system architecture. The motion tracking system
exports the values of positional translation and angular rotation of each sensor to our
gesture generation system via TCP/IP protocol. The information of sensors is mapped
onto the avatar skeletal definition. The SHAKE algorithm acts as a "black box" which
is provided with tracker data representing new positions of selected joints and outputs
the resolved avatar for graphics display.

We have developed a body model based on a small set of constraints as shown in
Figure 1. This can support various kinds of avatar and virtual humans’
representations. It is designed for use with 5 electromagnetic trackers (see, e.g. [17],
[18]).

Experiments were carried out with two sensors to define the characteristics of the
applications that we can simulate. Considering the fast convergence property of the
SHAKE algorithm we show it to be compatible with the tracker speed for a range of
actions for general theatre rehearsal. We use the MotionStar electromagnetic tracker
system from Ascension Technology Co.4. We have completed several computer
simulations where movements are defined as 3D trajectories with time steps derived
from normal speed movements and sampling frequencies (which depend on the
particular set of trackers used, and are typically in the 50-150Hz range). We have
taken as a realistic set of parameters a sampling frequency of 144 Hz and a maximum
movement speed of 2 ~ 4 m/s, which should account for most current gestures in
theatre applications.

Gesture Average
Speed (m/s)

Maximum
Speed (m/s)

Average
Initial

Displacement
(%)

Maximum
Initial

Displacement
(%)

Punch 2.39 10.8 12.9 69.1
Throw 1.63 13.0 8.84 62.2
Bow 0.89 3.5 3.71 22.6

Raise Arm 0.89 3.6 4.81 7.9
Pickup
Object

0.64 2.0 3.46 9.8

Stretch 0.56 1.8 3.02 15.4

Table 1. Speed mesurements of typical actions

We measured the speed and initial displacements of several typical actions, which is
the percentage of tracker movement over the length of the constraint. In our example,
the tracker is attached to the wrist and the constraint is the forearm. Shown in Table 1,
the average speed for general smooth motions are in the range of 0.6 m/s ~ 1.0 m/s
with the maximum speed in the range of 1 m/s ~ 4 m/s.  We consider a time step to
correspond to a single sample, so the unconstrained maximum deformation would be
approximately 10% of a limb segment length and this can be increased to 30% for
simple geometrical distortions. This might seem a large variation, however, as
                                                          
4 http://www.ascension-tech.com
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described in above section, SHAKE has been specifically developed to allow larger
time steps than other integration methods. We can see by the above table that the
maximum displacements of actions typically used within the theatre environment
such as bowing, stretching, raising an arm and picking up objects are well within this
limit. Faster actions that may be used in other simulations such as virtual sports have
maximum displacements above the 30% limit and more research into SHAKE is
needed to confidently handle such actions.
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Fig. 4.  Motions of arm raise actions and punch action

Figure 4 illustrates the motions of an arm raising action and a punching action. The
arm raise action is generally smooth with an average speed of 0.89 m/s, whereas the
punch action has large accelerations during the course of the motion.
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Fig. 5.  An example of convergence of SHAKE (steps)

During the iteration process, each individual constraint is assigned a local tolerance.
A global tolerance, which is the sum of all local tolerances, is used for global
convergence of the system. We tested the number of iterations against different
criteria for the global convergence tolerance between 10 -3 - 10-4, where the local
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tolerance is 10 times higher than that of global tolerance. Figure 5 illustrated an
example data of convergence steps against the different global tolerance from 10-3 ~
10-4 for the movement of 25 cm. The convergence takes place between 1 ~ 6 iterations
and each convergence step takes approximately less than 1 ms for our skeletal model
on 175MHz R10000 processor, which can be considered as real-time.
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Fig. 6.  Residual errors after convergence.

These experiments confirm the fast convergence of the SHAKE algorithm for real-
time motion capture and animation applications. The results are of course due to the
small number of constraints that define the body model as shown in Figure 1 (<20).
However SHAKE is known to converge within 4 ~ 40 steps for a typical molecular
simulation system [13].

The SHAKE algorithm can be used without any drift correction, unlike other
algorithms for motion integration [13]. There is no accumulation of errors throughout
the various steps of motion when using the SHAKE algorithm to enforce constraints.
We tested the residual of the total constraints in a number of convergences. Figure 6
illustrates the plot of residual errors against the convergence steps forming the
movement of the avatar. The experimental data explains that errors occurring in
former time steps are corrected in the successive steps, thus the overall error
percentage is small and can be considered no accumulation of residual errors through
time.

4.  Posture Generation

We have used a set of simulated tracker data to generate a number of simple avatar
postures. The SHAKE algorithm is used to solve the values of joint angles of the
model based on the geometric constraints imposed by the skeleton chain structure
(Figure 1). The postures of the model are generated based on the hierarchical structure
of the model. The walking movement of the model, for instance, is controlled by a set
of simulated walking data on the movement of the feet and which determine the
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overall position and orientation of the whole body. The postures of the upper body are
derived from the data given for pelvis and chest.  The data of the pelvis gives the
basis of the spine and the data of the chest gives the goal position, hence simple
bending or twisting movement of the spine can be generated using the SHAKE
algorithm.

Fig. 7.  Simple postures of the model

Figure 7 shows a number of simple postures generated by our virtual actor system.
We also introduced group logical constraints to determine the vector directions of
initial unconstraint disruption in some situations, for instance, the standing posture
when the legs are perpendicular to the floor. As defined in the SHAKE algorithm, the
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unconstraint displacement is along the vector direction of the previous time step. The
movement of feet would not automatically generate the correct position for the knee
joint, since the initial vector direction of foot to knee and knee to hip are also
perpendicular to the floor. Additional constraints such as logical constraints are
required to enforce the initial unconstraint displacements to be taken along the logical
direction, in this case, the knee should be outward along the walking direction rather
than inward.

5. Conclusion and Future Work

The SHAKE algorithm has been very popular in molecular simulations, since it has
properties of fast convergence speed and is able to work with a large number of
constraints. The advantages of the method are particularly useful to computer
graphics applications such as motion capture and real time animation. Our
experimental results demonstrate that the SHAKE algorithm can be used for various
kinds of gestures found in theatre rehearsals. The realism and complexity of the
gesture can be achieved by imposing additional constraints to the body system
without having to redesign the entire constraint structure. As stated in section 3, the
convergence of the inverse kinematics algorithm takes place after only a few iteration
steps for most average movements in terms of the maximum disruption and speed of
the movement. The interactive frame rate of the motion generation is guaranteed
provided that reasonable tolerance criteria are chosen according to the specific body
system designed.

Currently our constraint system is still under specified. It does not taking into account
angular constraints. Additional constraints to accurately represent human joints are
needed to resolve complex body deformations. We are working on coupling our
avatar model to a realistic human model and incorporating it into a distributed virtual
environment for interactive applications.
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Abstract. This paper presents a new technique for computing collision-
free navigation motions from task-level commands for animated human
characters in interactive virtual environments. The algorithm implemen-
tation utilizes the hardware rendering pipeline commonly found on graph-
ics accelerator cards to perform fast 2D motion planning. Given a 3D
geometric description of an animated character and a level-terrain envi-
ronment, collision-free navigation paths can be computed between ini-
tial and goal locations at interactive rates. Speed is gained by leveraging
the graphics hardware to quickly project the obstacle geometry into a
2D bitmap for planning. The bitmap may be searched by any number
of standard dynamic programming techniques to produce a final path.
Cyclic motion capture data is used along with a simple proportional
derivative controller to animate the character as it follows the computed
path. The technique has been implemented on an SGI Indigo2 worksta-
tion and runs at interactive rates. It allows for real-time modification
of the goal locations and obstacle positions for multiple characters in
complex environments composed of more than 15,000 triangles.

1 Introduction

Advances in computing hardware, software, and network technology have en-
abled a new class of interactive applications involving 3D animated characters
to become increasingly feasible. Many such applications require algorithms that
enable animated characters to move naturally and realistically in response to
task-level commands. This paper addresses the problem of quickly synthesiz-
ing from navigation goals the collision-free motions for animated human figures
in changing virtual environments. The method presented here combines a path
planner, a path-following controller, and cyclic motion capture data. The result-
ing animation can be generated at interactive rates and looks fairly realistic.
This work is part of a larger project to build autonomous animated characters
equipped with motion planning capabilities and simulated sensing[1]. The ulti-
mate goal of this research is to create animated agents able to respond to task-
level commands and behave naturally within changing virtual environments.
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A prolific area of research in the robotics literature has been the design and
implementation of task-level motion planning algorithms for real-world robotic
systems[2]. The inspiration for the fundamental ideas in this paper arises from
this research. Section 2 provides a background and motivation for task-level con-
trol in the context of animation. Related work in building autonomous agents for
the purposes of graphic animation is summarized in Section 3. Section 4 describes
an approach for computing goal-directed navigation motions for animated hu-
man figures. Section 5 gives an overview of the algorithm, while Section 6 and
Section 7 describe in greater detail the path planning and path following phases
of the approach respectively. In Section 8 the current implementation and per-
formance results are presented. Section 9 concludes with a discussion of the
limitations and possible extensions to the ideas presented here.

2 Motivation

The primary motivation for task-level control in animation stems from the time
and labor required to specify motion trajectories for complex multi-jointed char-
acters, such as human figures. Traditional keyframe animation techniques are
extremely labor-intensive and often yield motion that looks unrealistic or is phys-
ically invalid. Motion capture techniques offer a simple alternative for obtaining
realistic-looking motion. Unfortunately, both keyframed-motion and motion cap-
ture data alone are inflexible in the sense that the motion is often only valid for
a limited set of situations. Frequently, such motions must be redesigned if the
locations of other objects or starting conditions change even slightly. Motion
warping or blending algorithms[3, 4] offer some added flexibility, but usually can
only be applied to a limited set of situations involving minor changes to the envi-
ronment or starting conditions. Significant changes typically result in unrealistic
motions.

Dynamic simulation and physically-based modeling techniques nicely handle
the problems of physical validity and applicability to arbitrary situations. Given
initial positions, velocities, forces, and dynamic properties, an object’s motion is
simulated according to natural physical laws[5, 6]. However, aside from specifying
initial conditions, the user has no control over both the resulting motion and
the final resting position of the object. Spacetime constraints provide a more
general mathematical framework for addressing this problem of control [7, 8,
9]. Constraint equations imposed by the initial and final conditions, obstacle
boundaries, and other desired properties of the motion are solved numerically.
Unfortunately, the large number of constraints imposed by complex obstacle-
cluttered environments can severely degrade the performance of such methods.

New approaches and algorithms are needed to compute natural, collision-
free motions quickly in changing virtual environments. The method described in
this paper combines a fast 2D path planner along with a proportional derivative
(PD) controller to compute natural-looking motions for navigation tasks. The
controller is used to synthesize cyclic motion capture data for an animated char-
acter as it follows a computed path towards a goal location. The goal location
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can be can be user-specified or defined by a behavior script. The implemented
planner executes in roughly one-tenth of one second on average, thus allowing
real-time modification of the goal location or obstacle positions.

3 Related Work

Previous work in motion synthesis for animated characters has traditionally been
divided between real-time applications and off-line animation production. How-
ever, as processor speeds continue to increase, algorithms originally intended for
off-line animations will gradually become feasible in real-time virtual environ-
ments.

Much research effort in robotics has been focused on designing control ar-
chitectures for autonomous agents that operate in the real world[10, 11]. Using
rasterizing computer graphics hardware to assist robot motion planning algo-
rithms was previously investigated by Lengyel, et al [12]. Recently, motion plan-
ning tools and algorithms have been applied to character animation. Koga et
al. combined motion planning and human arm inverse kinematics algorithms
for automatically generating animation for human arm manipulation tasks[13].
Hsu and Cohen combined path planning with motion capture data to animate
a human figure navigating on uneven terrain [14]. Researchers at the University
of Pennsylvania have been exploring the use of motion planning to achieve pos-
tural goals using their Jack human character model[15, 16], incorporating body
dynamics[17], and high-level scripting[18].

Research in designing fully-autonomous, interactive, artificial agents has also
been on the rise. Tu and Terzopoulos implemented a realistic simulation of au-
tonomous artificial fishes, complete with integrated simple behaviors, physically-
based motion generation, and simulated perception[19]. Noser, et al. proposed
a navigation system for animated characters based on synthetic vision, mem-
ory and learning[20]. Other systems include Perlin and Goldberg’s Improv soft-
ware for interactive agents[21, 22], the ALIVE project at MIT[23, 24], Johnson’s
WavesWorld, and perhaps one of the earliest attempts at creating an agent ar-
chitecture for the purposes of graphic animation: the Oz project at CMU[25].
The goals of the Oz project were to create agents with “broad” but “shallow”
capabilities, rather than “deep” capabilities in a narrow area. Researchers at
Georgia Tech have combined physically-based simulation with group behaviors
for simulating human athletics[26]. They have also designed a controller for hu-
man running in 3D[27]. Despite these achievements, building autonomous agents
that respond intelligently to task-level commands remains an elusive goal, par-
ticularly in real-time applications.

4 Goal-Directed Navigation

Consider the case of an animated human character given the task of moving
from one location to another in a flat-terrain virtual environment. One would
like to produce a reasonable set of motions to accomplish the task while avoiding
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obstacles and other characters in the environment. Our strategy will be to divide
the computation into two phases: path planning and path following. The plan-
ning phase computes a collision-free path to the goal location using the graphics
hardware for speed, while the path following phase uses a proportional deriva-
tive (PD) controller to guide the character’s motion along the path. The path
planning phase should run very quickly, since the locations of other characters
or objects in the environment may change without warning. Such changes may
invalidate the collision-free nature of the current path being followed, and neces-
sitate re-planning. The controller should be fast and flexible enough to allow the
current path being followed to be replaced without warning, and still generate
smooth motions.

5 Algorithm Overview

Initialization: A general 3D description of the environment and characters
suitable for rendering is provided, along with a goal location. Motion capture
data for a single cycle of a locomotion gait along a straight line is pre-
processed as described in Section 7.2.

Projection: The planning phase begins by performing an off-screen projection
of the environment geometry into a 2D bitmap. An orthographic camera is
positioned above the environment, pointing down along the negative normal
direction of the walking surface. The near clipping plane of the camera is set
to correspond to the maximum vertical extent of the character’s geometry,
and the far clipping plane is set to be slightly above the walking surface. All
geometry within the given height range is projected (rendered) to either the
back buffer or an offscreen bitmap via the graphics hardware.

Path Search: The bitmap from the previous step is searched directly for a
collision-free path using any standard dynamic programming technique. Ex-
amples include Dijkstra’s algorithm, or A* with some appropriate heuristic
function. If planning is successful, the complete path is sent to the path
following phase. Otherwise, the controller is notified that no path exists.

Path Following: Cyclic motion capture data along with a PD controller on the
position and velocity is used to generate the final motion for the character
as it tracks the computed path. If no path exists, an appropriate stopping
motion or waiting behavior is performed.

6 Path Planning

The theory and analysis of motion planning algorithms is fairly well-developed
in the robotics literature, and is not discussed in detail here. For a broad back-
ground in motion planning, readers are referred to [2]. For any motion planning,
it is important to minimize the number of degrees of freedom (DOFs), since the
time complexity of known algorithms grows exponentially with the number of
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DOFs[28]. For character navigation on level-terrain, the important DOFs are
the position and orientation (x, y, θ) of the base of the character on the walking
surface. As detailed in Section 7, the orientation (forward-facing direction) of the
character is computed by the controller during the path following phase. Thus,
we need only to consider the position (x, y) of the base of the character during
the planning phase. Bounding the character’s geometry by a cylinder allows mo-
tion planning for level-terrain navigation to be reduced to planning collision-free
trajectories for a circular disk in 2D. Figure 1 shows one of the characters used
in our experiments along with the computed bounding cylinder.

Bounding Cylinder
Hips(6)

  LeftHip(3)

    LeftKnee(1)

      LeftAnkle(3)

  RightHip(3)

    RightKnee(1)

      RightAnkle(3)

  Chest(3)

    LeftShoulder(3)

      LeftElbow(1)

        LeftWrist(3)

    RightShoulder(3)

      RightElbow(1)

        RightWrist(3)

    Neck(3)

      Head(3)

Fig. 1. The character’s geometry is bounded by an appropriate cylinder. This
effectively reduces the navigation problem to one involving motion planning for
a circular disc among obstacles in 2D. The character’s joint hierarchy is shown,
along with the number of DOF for each joint.

The path planning approach adopted in this paper is one instance of an
approximate cell decomposition method[2]. The search space (in this case, the
walking surface) is discretized into a fine regular grid of cells. All obstacles are
projected onto the grid and “grown” as detailed in Section 6.1. Hence, the grid
approximately captures the free regions of the search space at the given grid
resolution, and can ultimately be used for fast collision checking.

6.1 Obstacle Projection

All obstacle geometry within the character’s height range [zmin, zmax] is pro-
jected orthographically onto the grid. The height range limitation assures that
only obstacle geometry that truly impedes the motion of the character is pro-
jected. Cells in the grid are marked as either FREE or NOT-FREE, depending
upon whether or not the cell contains any obstacle geometry. The resulting 2D
bitmap B now represents an occupancy grid of all obstacles within the charac-
ter’s height range projected at their current locations onto the walking surface.
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Cells in B marked as NOT-FREE are “grown” by R, the radius of a cylinder
that conservatively bounds the character’s geometry. This is done by marking all
neighboring cells within a circle of radius R from each original NOT-FREE cell
as NOT-FREE. In effect, this operation computes the Minkowski difference of
the projected obstacles and the character’s bounding cylinder, thus reducing the
problem of planning for a circular disc, into planning for a point object. To check
whether or not a disc whose center is located at (x, y) intersects any obstacles,
we can simply test whether B(x, y) , the cell in B containing the point (x, y) is
marked FREE.

For increased speed, the obstacle projection operation is performed using
rendering hardware. Here, the rendering pipeline enables us to quickly generate
the bitmap needed for fast point collision checking. An orthographic camera is
positioned above the scene pointing down along the negative normal direction
of the walking surface with the clipping planes set to the vertical extents of the
character’s geometry. The other dimensions of the orthographic view volume are
set to enclose the furthest extents of the walking surface as depicted in Figure 2.
All geometry within the view volume is projected (rendered) into either the back
buffer or an offscreen bitmap via the graphics hardware. Since we are only con-
cerned with whether or not any obstacle geometry maps to each pixel location,
we can effectively ignore the pixel color and depth value. Thus, we can turn off
all lighting effects and depth comparisons, and simply render in wireframe all
obstacle geometry in a uniform color against a default background color. Under
most reasonable graphics hardware systems, this will significantly speed up ren-
dering. Furthermore, if the graphics hardware supports variable line-widths and
point-sizes, we can perform the obstacle growth at no additional computational
cost! We simply set the line-width and point-size rendering style to correspond
to the projected pixel length of R, the radius of the character’s bounding cylin-
der. In this way, we can efficiently perform both obstacle projection and growth
simultaneously.

6.2 Path Search

The bitmap B is essentially an approximate map of the occupied and free regions
in the environment. Assume that the goal location G = (gx, gy) and the starting
location S = (sx, sy) in the bitmap are both FREE. Let us consider B as an
embedded graph of cells, each connected to its neighboring cells. By searching B
, we can conservatively determine whether or not a collision-free path exists from
the start location to the goal location at the current grid resolution. Moreover, if
we assign a cost to each arc between cells, we can search for a path that connects
S and G while minimizing our cost function. Here, we use a relative measure of
the Euclidean distance between adjacent cells as our cost. Arcs between directly
adjacent cells are assigned a cost of 1, while diagonally-adjacent cells are assigned
a relative cost of 1.4. Our task has been effectively reduced to that of searching
for a path between two nodes in a weighted graph.

Any number of standard dynamic programming techniques may be used to
search B . For simplicity, Dijkstra’s algorithm is used in the implementation
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Orthographic
Projection Volume

Rendered Image

Planned Path

Fig. 2. The view volume resulting from an overhead orthographic camera is out-
lined. The near and far clipping planes of the camera are defined according to
the vertical extents of the character geometry. All obstacle geometry contained
within the view volume is projected to 2D via an off-screen renderer. The result-
ing bitmap is searched directly for a collision-free path connecting the character’s
starting position to the goal.

described here. This search strategy will always return a path containing a list of
FREE cells between S and G if one exists at the given grid resolution. Moreover,
since a relative measure of the Euclidean distance is used as the single-step cost
between cells during the search, the returned path will be of minimal length (for
the given grid resolution).1 From the list of free cells connecting S to G , a final
path P is constructed by linking in sequence the line segments connecting the
centers of adjacent cells along the path.

6.3 Complexity Analysis

If planning is successful, the complete path is sent to the path following con-
troller. Otherwise, the controller is notified that no path exists. The planner is
resolution-complete, meaning that it is guaranteed to find a collision-free path
from S to G if one exists at the current grid resolution, and otherwise report
failure[2].

The running time of the obstacle projection step is proportional to the num-
ber and geometric complexity of the obstacles. Searching for a path in the bitmap
using Dijkstra’s algorithm runs in quadratic time with respect to the number of
free cells in the grid. Extracting the path (if one exists) runs in time proportional
to the length of the path. Overall, this planning strategy can be implemented
very efficiently and robustly even for complex environments. It is interesting to

1 In this implementation, fixed-point math is used for the distance and cost computa-
tions, resulting in a planner that runs almost entirely using fast integer arithmetic.
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note that paradoxically, the search phase of the planner may run faster for com-
plex, obstacle-cluttered environments, since such environments result in fewer
free cells to search. Detailed performance results are given in Section 8.

7 Path Following

Simply computing a collision free path in the environment is not enough to pro-
duce realistic animation. The implementation described here uses cyclic motion
capture data applied to the joints of the character, plus a simple low-level pro-
portional derivative controller to follow the computed path. The quality of the
final motion arises primarily from the motion capture data, but there are other
alternatives that could be used for path following. So-called “footstep”-driven
animation systems could be applied to place the feet at points nearby the com-
puted path, along with real-time inverse kinematics (IK) to hold them in place.
As computer processing power increases, physically-based models of the charac-
ter dynamics along with complex controllers such as the one presented in [27]
could also potentially be used to simulate locomotion gaits along the path. For
the purposes of these experiments, applying cyclic motion capture data proved
to be a fast and simple method of obtaining satisfactory motion.

Although the path planning and following concept generally applies to many
types of characters and motions, we will concentrate on generating walking or
running motions for a human-like biped. We would like the character’s motion
to be smooth and continuous, natural-looking, and follow the computed path
as closely as possible. Though many kinds of path following techniques could
potentially be used, the one described here was chosen for its simplicity and
efficiency.

7.1 Mathematical Model

Human figure walking or running is essentially a quasi-nonholonomic system,
since the typical turning radius is usually subject to some minimum radius de-
pending upon the velocity. Of course, a person can turn in place, but typically,
this will only happen at the beginning or end of a path following procedure, not
in the middle of a path. Humans tend to only walk forward, not backward or
sideways (no direction reversals during path following).

With this in mind, the path following phase is modeled as one involving an
oriented disc smoothly tracking a geometric path in the plane. The disc center
corresponds to the projected point at the base of the character’s geometry, and
the orientation of the disc corresponds to the character’s forward-facing direction
as illustrated in Figure 3. The linear velocity of the disc is constrained to always
lie along the forward-facing direction. This corresponds to the character’s ability
to walk or run forward. Turning is modeled by considering the disc’s rotational
velocity about its center.
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Fig. 3. The controller model considers the character’s motion as that of an
oriented disc in the plane. The center of the disc corresponds to the projection
of the origin of the root joint of the figure onto the walking surface.

A discrete time simulation of the following state variables is used:

pt position (xt,yt) if the disc center
θt orientation (forward-facing direction)
vt linear speed along the direction of θt

ωt angular speed about pt

The tuple (pt, θt, vt, ωt) represents the simulated state of the character at time t.
At each time step, any combination of the following two controls may be applied:

at linear acceleration along the direction of θt

αt angular acceleration about pt

These controls model the four basic controls for our character: (speed up, slow
down, turn left, turn right). Speeding up and slowing down are represented
by positive and negative values of at respectively. Similarly, positive values of
αt correspond to left turns, while negative values correspond to right turns.
Section 7.3 explains how these controls are calculated at each time step.

Once the controls at and αt have been specified, the state variables are in-
tegrated forward discretely by the time step ∆t. In these experiments, simple
fixed-step Euler integration was used, but more sophisticated integration meth-
ods may be used if desired. For Euler integration, the state propagation equations
are as follows:

xt+∆t = xt + (vt cos θt)∆t
yt+∆t = yt + (vt sin θt)∆t
θt+∆t = θt + ωt∆t
vt+∆t = vt + at∆t
ωt+∆t = ωt + αt∆t

The simulation proceeds in this fashion iteratively. As long as the values of the
controls are reasonable relative to the size of the time step ∆t , the motion will
be smooth and continuous.
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7.2 Preparing the Motion Capture Data

As a one-time pre-processing step, the motion capture data to be applied to the
path is prepared for the path following phase. Here we assume that the original
motion capture data is cyclic, and roughly follows a straight line. To begin,
the transformation of the root joint (for example, the Hip joint) for each data
frame is factored into two parts: the transformation of a base point (the point
of projection of the origin of the root joint to the walking surface) moving in a
straight line at a constant speed throughout the duration of the cycle, and the
relative transformation of the root joint with respect to the moving base point.

The reason for performing this decomposition is to allow us to apply the mo-
tion capture data to an arbitrary curve much more easily. Traditionally, motion
capture data comes in a format that specifies the transformation of the root
joint relative to some fixed global frame. Instead of trying to control the root
joint directly to follow a computed path, we can control the base point, which
by construction travels in a straight line and at a constant speed throughout the
duration of the motion cycle.

The trajectory of the base point is computed by first projecting the origin of
the root joint onto the walking surface for both the first frame and the last frame
of the motion cycle. The base point should move in the direction corresponding
to the translational difference between these two projected points. The total
distance traveled by the base point should be the length of this translational
difference. The velocity of the base point is simply this distance divided by the
time elapsed during playback of the motion cycle. The base point is the point to
which we will map the center of our oriented disc model for path following. The
direction of motion of the base point corresponds to the forward-facing direction
of the disc model.

The velocity of the base point is the canonical average velocity V of the root
joint over the duration of the motion. If the base point is made to move along
a straight line at this velocity, the motion capture data will appear as it does
in its raw form. Since we will be controlling the base point for path following,
it will move along curved paths, and at differing velocities. In order to improve
the appearance of the motion for velocities other than the average velocity, we
can incorporate other motion capture data sets taken at different walking or
running speeds. An alternative to this, is to pre-compute a table of interpolation
factors for the joint rotations, indexed by velocity. Smaller base point velocities
will result in smaller joint rotations. For example, for a basic walk cycle, the
interpolation factors can be pre-selected for each base point velocity such that
sliding of the character’s feet along the walking surface is minimized. This simple
interpolation method is used in the implementation described here, and results in
fairly reasonable motions for transitioning between a standing position to a full-
speed walk, and in coming to a stop at the end of a path. A more sophisticated
method might utilize IK to enforce “no-sliding” constraints on the feet of the
character.
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7.3 Calculating the Controls

In this section, we describe a simple method for computing the two control
variables, at and αt for our character during each time step of the simulation.
The method is based on proportional derivative (PD) control. Given the current
state of the system (pt, θt, vt, ωt), a desired state (p̂t, θ̂t, v̂t, ω̂t) is calculated. The
controls at and αt are then computed to move the system towards the desired
state.

The computation proceeds as follows: Given a path P computed by the plan-
ning phase, a desired position along the path p̂t is calculated relative to the
current position pt. The desired position is typically set to be slightly ahead
of the current position along the path, as this tends to smooth out any sharp
corners on the path. Next, the desired orientation θ̂t is computed so as to face
the character towards the desired position p̂t. The desired angular speed ω̂t is
set proportional to the difference (error) between the current orientation θt and
the desired orientation θ̂t. The desired linear speed v̂t has three alternatives.
If the error in orientation is small, v̂t is simply set to be the canonical aver-
age velocity V of the motion capture cycle. Otherwise, if the error in orientation
is large, the character is facing the wrong direction, so the speed is set to be
some small non-zero value to force the character to slow down and turn around.
Lastly, if the character is nearing the end of the path (the goal location), v̂t is
calculated proportional to the difference between the current position and the
goal location. After v̂t is obtained, the controls at and αt are calculated. The
linear acceleration at is set proportional to the difference between the current
and desired linear speed, while the angular acceleration αt is set proportional to
the difference between the current and desired angular speed. The state of the
system is integrated forward by a discrete time step ∆t , and the entire process
is repeated for the next time step.

All of the calculations involving proportional derivative terms above require
the following gains2 to be specified:

kp position gain kθ orientation gain
kv linear speed gain kω angular speed gain

As long as the gains are set to reasonable values relative to the size of the time
step ∆t , the resulting motion will be smooth and continuous.

To summarize, all of the control calculations are listed below. First, we cal-
culate the desired state (p̂t, θ̂t, v̂t, ω̂t), and then compute the controls needed
to move towards the desired state.
2 The gains represent how quickly errors (differences between the current and the de-

sired) are resolved. Since a discrete time step is being used, some care must be taken
when setting the gains. Gains set too high will cause oscillations (an underdamped
system), while gains set too low will fail to correct errors (an overdamped system).
Setting the gains properly will result in a critically-damped system, that asymptot-
ically corrects errors without overshoot. The reader is referred to any textbook on
feedback control for more detailed information.
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p̂t = (x̂t, ŷt) from path P
θ̂t = atan2(ŷt − yt, x̂t − xt)
ω̂t = kθ(θ̂t − θt)

v̂t =




canonical speed V if |θ̂t − θt| ≤ θturn

small speed ε if |θ̂t − θt| > θturn

kp(|p̂t − pt|) if near the goal
at = kv(v̂t − vt)
αt = kω(ω̂t − ωt)

In the computation of θ̂t, atan2(y, x) is the standard two-argument arctangent
function.

After all controls are calculated, the state is integrated forward discretely by
the time step ∆t , as described in Section 7.1. The subsequent state becomes
the new location and orientation for the base point of the character. To animate
the remaining joints, the current velocity vt is used to index into the motion
interpolation table as described in Section 7.2.

8 Experimental Results

The algorithm described here has been implemented on a 200MHz SGI Indigo2
running Irix 6.2 with 128MB of RAM and an SGI EXTREME graphics accel-
erator card. Good performance has been achieved, even on complex scenes with
multiple characters and environments composed of more than 15,000 triangle
primitives. During an interactive session, the user can click and drag on the goal
location or obstacles, and the path planner will calculate an updated, minimal-
length, collision-free path (if one exists) in approximately one-tenth of one second
on average. The path is then sent directly to the controller, and the character
will immediately begin following the new path. The precise timing results are
summarized in Section 8.1.

The generation of the projection bitmap for path planning was accomplished
by rendering all obstacles to the back buffer using standard OpenGL calls. The
rendering style optimizations for fast obstacle growth were implemented as de-
scribed in Section 6.1. The resulting pixel values were subsequently read directly
from the framebuffer. The Dijkstra’s algorithm implementation uses fixed-point
math, resulting in a planner that runs almost exclusively using fast integer arith-
metic.

For the purposes of path following, the simple PD controller described in
Section 7 was implemented for a human-like character with 17 joints. Two sets
of motion capture data were used in the experiments: a walk cycle and a jog
cycle. As expected, the slower canonical speed of the walk cycle facilitated much
better tracking performance along the path compared with the jogging motion.
The values of the gains used for the controller were as follows: (kp= 1.0, kθ=
5.0, kv= 5.0, kω= 10.0). These gain values are compatible with standard units of
meters, radians, and seconds, which were used throughout the experiments. The
value of the time step was ∆t = 0.0333 seconds (1/30 sec). Although these gain
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values were obtained via trial and error, research is underway to automatically
compute the optimal gains for path following.[1] Sample output is illustrated in
Figure 4. Multiple characters were run simultaneously, each planning around the
other characters as they followed their own computed paths.

Fig. 4. Screen shots of interactive animation sessions. The left image shows
multiple characters navigating in an office environment. The image on the right
shows a single character in more detail.

8.1 Timing Results

The average projection, search, and total elapsed execution times during re-
peated invocations of the planner during an interactive session were tabulated.
The timing results are summarized in Table 8.1. All values listed in the table
are in units of milliseconds, and were averaged from N = 100 independent tri-
als with varying goal locations and obstacle positions. Different grid resolutions
were tested ranging between 45 and 150 cells on a side. The total number of
triangle primitives in the Maze scene and the Office scene were 2,780 and 15,320
respectively.

9 Discussion and Future Work

Graphic Animation by computer lies at the boundary of modeling and simulating
the real world, and shares much in common with the design and control of
robotic systems. In this paper, a fast path planner along with a simple path
following controller is used to quickly synthesize collision-free motions for level-
terrain navigation goals for human-like animated characters. Navigation goals are
specified at the task level, and the resulting animation is derived from underlying
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Table 1. Average Total Execution Time for Path Planning.

Scene (grid size) Project Search Total (msec)

Maze (50 x 50) 9.5 7.2 16.7
Maze (100 x 100) 34.5 37.4 72.0
Maze (150 x 150) 82.9 79.8 163.0

Office (45 x 45) 47.7 13.9 61.7
Office (90 x 90) 62.7 27.4 90.2
Office (135 x 135) 139.2 56.8 196.0

motion capture data driven by a simple proportional derivative controller. The
speed of the planning algorithm enables it to be used effectively in environments
where obstacles and other characters move unpredictably.

Although useful in its present form, the algorithm could be improved in a
number of important ways. The most severe limitation of the planner is the
level-terrain requirement. Extending the algorithm to handle uneven-terrain is
possible, but it would involve redesigning the geometry clipping and projection
operations. Perhaps the approach taken by Hsu and Cohen would be more appro-
priate in this situation [14]. Possible extensions to the basic algorithm, include
incorporating into the planning process the ability to step over low obstacles, or
duck under overhangs. One idea might be to utilize the depth information infor-
mation that is generated, but is currently being ignored during the projection
process. The hardware Z-buffer stores a relative measure of the depth, yielding
a simple height field of the environment, which might be useful for deciding a
navigation strategy. The same basic idea could perhaps be applied to even more
aggressive means of circumventing obstacles, such as utilizing stairs/elevators,
climbing, jumping, or crawling. Another limitation of the current approach is
the approximate nature of the grid, which may fail to find a free path when one
exists, especially when it involves navigating through narrow passages. Perhaps
a multi-resolution strategy would be appropriate.

The path following controller as described here is overly-simplistic, and ig-
nores such subtleties of human motion as turning in-place, or side-stepping be-
tween narrow openings. Incorporating more motion capture data sets at different
velocities, or along curved paths would also likely improve the final appearance
of the animation. In addition, the ability to automatically compute the opti-
mal values for the controller gains based on the simulation constants and the
canonical speed of the motion capture data would be a very useful improvement.
Knowing these optimal gains might also facilitate the calculation of conservative
error-bounds on the performance of the path following controller.

Efforts to incorporate active perception based on simulated vision into the
planning process are currently underway[1]. In addition, some simple velocity
prediction to take into account the estimated motion of other characters and
obstacles during planning is also being investigated. Clearly, many challenging
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research issues must be faced before more interesting motions and intelligent
behaviors for autonomous animated characters can be realized.
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Abstract. Avatars and Artificial Actors in Virtual Environments can be con-
trolled by speech, as an alternative to motion capture techniques. In this paper,
we discuss some specific requirements for the successful implementation of
speech-based control of guided actors. We describe our sublanguage approach
to speech-based control and its associated parsing techniques, based on lexi-
calised grammars. After an introduction to the REALISM animation software,
we report work in progress in the real-time processing of spoken commands
based on the integration of speech processing in the REALISM control loop.
We conclude by discussing the possible impact of voice-controlled artificial
actors in interactive systems.

1   Introduction

Artificial actors can be controlled through various interface paradigms: i) classical
input devices such as keyboard (+ mouse or joystick) or keypads, ii) real-time motion
capture techniques and iii) language technologies [1]. Control through keyboard or
keypad is the current standard for video games. Motion capture is certainly the most
natural interface, but can only reflect real users’ movements, which can be a limita-
tion, e.g. for controlling games. In this paper, we explore the use of speech and lan-
guage technologies to control guided actors or avatars as an alternative to motion
capture techniques. We will specifically restrict our study to guided actors with no
autonomous behaviour, for which speech input is in direct control of motion parame-
ters, hence competing with traditional motion capture techniques.

There are numerous advantages to the use of language technologies in the control
of guided actors. While speech input is recognised as a user-friendly interface, it can
also bring new dimensions to the control of artificial actors or avatars. The use of
speech control enables the user to concentrate on the visual scene rather than on the
I/O devices. In the case of computer games, it brings increased realism and can rein-
force the relation between the player and the controlled character. Speech can also
convey more abstract information or higher-level commands. The latter does not
really apply to guided actors, which do not implement high-level behaviours or inten-
tional representations as an entry point for such high-level descriptions. However, on
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the user’s side, abstract information can express artistic and emotional judgements
that can be translated into movements’ parameters. Hence, there can be a mapping
between natural language semantics and the specific parameters of the guided actor’s
motion.

Our target applications are mainly in the field of computer animation and video
games. In the case of video games, the speech interface is meant to free the player
from traditional interfaces, like keyboard or keypad. It then enhances the tactical
aspects of the game over the physical control of the character. In order for the game
to retain its original nature, it should be assumed that the character does not have a
too high level of autonomous behaviour (in which case we would no longer be in the
field of motion capture).

2 Previous and Related Work

Several authors have reported the animation of artificial characters responding to
speech or language input. Beardon & Ye [2] have developed a simple Natural Lan-
guage Processing (NLP) interface to a set of behavioural rules controlling animation.
The PERSONA project at Microsoft Research [3] addresses the speech-based anima-
tion of an autonomous interface agent. However, the most specific project in lan-
guage-based animation to date remains the AnimNL project at the University of
Pennsylvania [1]. AnimNL is developing a Natural Language (NL) interface to the
Jack™ character. It is more specifically dedicated to the unsupervised animation of
the Jack™ character from natural language instructions, such as those encountered in
maintenance manuals. The automatic processing of these instructions, together with
the autonomous behaviour of the Jack™ character, would make possible Human
Factors simulations, experimenting the validity of these instructions in a given envi-
ronment. NL instructions, such as “go into the kitchen and get the coffee urn” are to
be executed by the agent without any further human intervention. This assumes that
the agent can tune its high-level behaviours using data from its environment. These
high-level behaviours are implemented through planning techniques, while the inter-
face between plans and natural language semantics is based on a theory of intentions
and expectations [1]. The work of Chapman analysing bystanders’ advice to video
games players [4] should obviously also be mentioned for its high descriptive value,
though some of his conclusions cannot be directly applied to the control of guided
actors.

Unlike the AnimNL project, our work is currently addressing the direct control of
a guided actor by a human operator. Such an actor does not implement high-level
behaviours, though its is desirable that it can still react to its environment. Hence the
granularity of commands is bound to be finer. In the next section, we will discuss the
requirements of speech understanding in that context.
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3 How to Address a Guided Actor

The Speech recognition component can implement various paradigms, bearing in
mind that high-performance unconstrained speech recognition is still beyond state-of-
the-art. Some kind of sublanguage approach seems the most appropriate choice. It is
also consistent with the fact that speech recognition can be made accurate enough
only through the definition of a recognition grammar. This grammar, together with
the corresponding vocabulary implicitly defines the application sublanguage. Even
moderately complex sublanguages can allow a large range of spoken commands that
will cope with most of the configurations encountered. A related concept is the notion
of habitability [5], which consists in mapping a constrained syntax to a set of alterna-
tive formulations of the same utterance. It is generally implemented by encoding a
significant number of alternative expressions when defining the sublanguage gram-
mar and vocabulary.

One of the first steps in the design of a speech interface is to specify the applica-
tion sublanguage. It seems difficult to carry a “Wizard of Oz” experiment for such a
real-time interactive system. Besides, it is not clear whether in that case such an ex-
periment would be appropriate for the design of a sublanguage, as we are not dealing
with a conversational interface. In our case, spoken instructions are likely to be 5-15
words in length, and we would expect them to be relatively free from hesitations [6].
Also, in the context of video games and unlike other user interfaces, we would expect
a significant level of adaptation from the user. Our hypothesis is thus that adaptation
to the specific task, together with the fact that short commands do not include repair
situations, would make speech recognition easier than in generic consumer applica-
tions.

We will assume that the speech recognition system outputs a single string corre-
sponding to the recognised sentence. We won’t consider multiple recognition hy-
potheses, like e.g. n-best analysis. Nor will we deal at this stage with speech recogni-
tion errors, substitutions, deletions, etc. Also, we describe the use of our speech rec-
ognition system in an offline mode, in which the recognition process starts after com-
pletion of the utterance. An alternative mode would consist in a “real-time” recogni-
tion, where words are output as they are recognised. Taking advantage of such a rec-
ognition mode would however call for different NLP techniques, like e.g. determinis-
tic parsing, that we should not discuss here.

The NLP module takes as input the string produced by the speech recognition sys-
tem and converts it into an appropriate system command to the guided actor. The use
of optional words in the recognition grammar can accommodate for some deviations
from normal use. The sublanguage grammar can also be easily designed to account
for some syntactic variants. In the next section, we will describe our NLP approach,
which is based on a simplified variant of Tree-Adjoining Grammars (TAG). The
reason why we do not use the speech recognition grammar (based on a Context-Free
Grammar) is essentially to be able to develop an integrated parser for syntax and
semantics. As we should see, this is much easier to achieve in a TAG variant and
syntax-semantics integration is a key condition for real-time speech understanding.
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The requirements on the Natural Language Processing step can be stated as fol-
lows:

- it should be carried in minimal time to keep global reaction time as short as
possible and generally below one second

- it should produce a self-contained semantic representation that can be directly
used by the animation system (through an appropriate API or other communi-
cation channel)

In order to specify the kind of linguistic phenomena that are likely to constitute the
NLP module’s requirements, we have looked for a representative corpus. We have
found the so-called “video games spoilers” to constitute a good approximation for
such a corpus. These texts describe on a step-by-step basis the traversal of a game
level, including the optimal paths and the various actions to be taken. We thus carried
a preliminary analysis of an on-line DOOM™ spoiler corpus1. Each of these actions
is often described as a specific instruction, such as “enter the door with the skull on
it”, “backup and wait for the door to close”, “go back to the stairs”, “shoot the Cyber-
demon with a chaingun”. What this analysis confirmed at the syntactic level was the
high frequency of prepositional phrases corresponding to spatial expressions and
nominal or definite descriptions. These are known to generate syntactic ambiguities
and require semantic feedback to the parser. At the semantic level, the distinction to
be made is between commands that can be executed by a guided actor and commands
that require extensive interpretation. Examples of the latter, which cannot be proc-
essed by a guided actor, are doctrine statements and purpose statements (following
Webber’s terminology in [1]). Doctrine statements express general rules with no
direct connection with the situation at hand, such as “shoot first, ask questions
later”or “just battle away with rockets, chaingun, etc.”. Purpose clauses describe ac-
tions that cannot be determined from the given instruction alone. One example in our
corpus is “shoot a barrel to get rid of most of the pink demons”. Proper processing of
that command can only be achieved through plan generation, generating complex
preconditions for action, such as the determination of demons and barrels’ relative
positions, etc. Underspecified commands can lead to similar problems. Webber dis-
cusses Chapman’s example on the “use the knife” command in the context of video
games, where the knife can have several uses (as a tool or a weapon) [1]. If semantic
interpretation is to restrict itself to those commands with a direct procedural meaning,
it is however desirable to give the guided actor some capabilities to react to its imme-
diate environment. These minimal capabilities can for instance correspond to obstacle
avoidance or path generation towards a given target (“go to the door”). In the case of
fixed targets, the path can be computed with the A* algorithm [7]. In the case of
moving targets, with Korf’s LRTA* [8]. These interpretations should be allowed only
insofar as they can be carried autonomously as a compiled plan, on the basis that they
react purely to the environment without any decision making process.

                                                          
1 DOOM is a trademark of Id Software. Many spoilers are available on-line through the various

DOOM-related web sites. The one we have been using has been compiled by Ian Mapleson.
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4   The NLP Layer: Interpreting Spoken Instructions

Our NLP technology is based on the Tree Furcating Grammars (TFG) formalism, and
integrates syntactic and semantic processing, performing both syntactic disambigua-
tion and the construction of a semantic representation for the sentence parsed [9].
Tree Furcating Grammar is a variant of the Tree-Adjoining Grammar (TAG) formal-
ism, in which adjunction is replaced by the furcation operation [10] that adds an ad-
ditional branch to the target node in the initial tree, instead of copying the auxiliary
tree under it. Though some syntactic phenomena are not properly handled by furca-
tion [11], the fact that it introduces modifiers without embedding them into the tree
structure is a definite advantage for syntax-semantics integration, and was the ration-
ale for choosing it. Successive tree combinations do not increase tree depth and com-
plexity, producing derived trees that retain some properties of dependency trees.
These can support the integrated construction of a semantic representation, based on
the appropriate association of semantic functions to the tree structures. Besides, as the
limitations of TFG mainly deal with discontinuous components and long-distance
dependencies they do not affect the description of sublanguages. The lexicon repre-
sentation includes a syntactic tree for which the word is an anchor, a set of semantic
features used in selectional restrictions and a semantic representation that corresponds
to the word “meaning”. These semantic contents will be aggregated through the syn-
tactic links to produce a final representation to be mapped to the behaviours imple-
mented in the REALISM animation system [12].

Due to the interleaving of syntactic and semantic processing in our system, we
have opted for an ad hoc parsing strategy, which eventually resulted quite similar to
the one described by Nasr [13] for its dependency syntax. The main idea is to make
the syntactic part of the algorithm as simple as possible and to avoid “hidden” inte-
gration of syntax and semantics through contextual constraints on syntactic opera-
tions. This also offers more space for the integration of semantic processing. The first
step, which corresponds to a lexical filtering of the grammar, consists in generating
all the possible set of trees (often termed forests) compatible with the input string.
This step is very similar to the construction of a pushdown stack for trees as described
in [13]. The parsing algorithm consists in scanning the forest left-to-right and deter-
mining possible tree fusions from the explicit typing of the trees considered. Adjacent
trees in a forest are considered for a possible fusion on a pairwise basis. From their
explicit categories, the corresponding operation is given by a compatibility table. This
table specifies the nature of the operation (substitution, furcation, or nil) as a function
of the types of the adjacent trees. Left (resp. right) auxiliary trees are combined
through right (resp. left) furcation. initial trees and substituable trees are combined
through substitution. The process is iterated until the forest is reduced to a single tree
or no further operations are possible [9]. All the forests not reduced to a single tree
are discarded as unsuccessful parses. Though the processing is syntax driven, its main
object is to produce the corresponding semantic representation, which constitutes the
final output of the parser. The syntactic roles are converted into appropriate semantic
relations which can be attributed an interpretation in terms of behaviours to be passed
to the REALISM system.
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Fig. 1. Parsing a spoken command.

It should be noted that PP-attachments are a major requirement for the processing
of definite descriptions, spatial expressions and instrumental actions, which constitute
a significant fraction of the requirements for speech-based multimedia applications.
Throughout parsing, there is a full integration of semantic processing , which consists
both in semantic features propagation, selectional restriction on PP-attachments and
attribution of semantic/functional links. Figure 1. shows the processing of the sen-
tence “Shoot the Cyberdemon with the chaingun” from the DOOM™ spoilers’ cor-
pus. The syntactic ambiguity due to the PP-attachment of “with” is solved through
semantic feature compatibility between “shoot” and “chaingun”. The resulting se-
mantic interpretation in that case is a complete action with its relevant parameters.

The parser is implemented in Common LISP and runs on a SGI O2™ workstation
with an R10000 processor at 150 MHz. Processing of a single forest corresponding to
a 10-15 word sentence is regularly carried in 10-20 ms CPU time. The important
point is that, even when parsing several forests for a sentence, the user time remains
below 200 ms. Though this was measured with small vocabularies (typically less than
300 words), it is expected to remain roughly unchanged for sublanguages up to 500
words in size, which should be sufficient for the control of an artificial character. The
reason is that global response times depend on the number of forests to parse, which
is a function of the trees/word ratio. This ratio tends to remain stable within small
sublanguages and is certainly much smaller than the generic ratio of 7 mentioned in
[14].

5   Integration with the REALISM System

The REALISM animation system [12] normally operates in a non-interactive way. In
this mode (Figure 2), the animation is defined by a predefined script (using the AS-
cript language which is then preprocessed to produce an executable) or a C++ pro-
gram via the REALISM API. The animation can be viewed in real-time via OpenIn-
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ventor™ or frame description files can be generated for use with non-real time ren-
dering packages (e.g. raytracing software such as Rayshade™). As such the system
can produce animated sequences in the same way as many other animation packages.
The script or C++ program specifies the precise movements of the objects involved,
such a translation, rotation, etc. At each animation frame, this information is used to
“step” each object by the required amount. This allows simple animations to be pro-
duced quickly, and provides the top-level of control and interaction for the scene. The
number of simulation frames per second can be set, and this is implemented when the
system runs in interactive mode by using a SoTimeSensor element within the main
OpenInventor™ loop.

Fig. 2. The non-interactive mode of the REALISM System.

A second level of control is offered by using the object behaviour model. This
provides a mechanism by which objects may be in control of their own progress
throughout the animation, and as such may override the scene script (Figure 3). For
example, a script may contain a key-frame sequence for an object but the object's
behaviour may constrain it from movement in a particular way resulting in a different
motion from that defined in the script. A simple real example would be a door that the
script held key frame information the made it open, whilst its behaviour may specify
that it is in fact locked and so will not open. When the object receives a “step” com-
mand from the script the current state of the object is passed to the list of behaviours
for processing and the new state returned to the object. This allows complex behav-
iours to be built into the objects without need for specification in the top-level script.
An example would be the walking motion of a human character. The top-level script
may require the character to move to a new location and this could be simply speci-
fied in a similar way to a key frame sequence. However, when the human character
receives the command to move to a new location, it passes this information to its
behaviour list which results in the joint angles of the character being modified to give
a walking action during the translation, thus giving a realistic motion.

REALISM

Scene

Actor1 ActorN

Actor2
...

Script
Frame 60:
Move to
position K

Move Actor N
to position K at
Frame 60
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Fig. 3. The object behaviour model.

The complex behaviour of the object is shielded from the user and is in fact broken
down into a number of behaviours that control different parts of the character. This
distinction between high-level and low-level behaviours in animation has been advo-
cated by several authors, including in the context of speech-driven animation. In the
PERSONA project [3] there is a distinct representation for high-level and low-level
behaviours. While the former are under control of the main interaction loop (based on
speech understanding), the latter can be directly triggered by the animation context.

The final level of control is that added by the work described in this paper. This
accepts commands from an external process (Figure 4), in this case from the NLP
engine. These could be used to control the system using a sample or interrupt driven
scheme. The current implementation samples the socket for commands at an interval
defined by a variable in the system. This approach was chosen for the following rea-
sons:
• The REALISM system already uses a sampling system for the other control ele-

ments.
• By careful choice of the sample interval in relation to the frame rate and the time

taken to process the spoken commands a guaranteed real time performance can
be achieved.

• The flexibility given by this allows different processing vs. animation load bal-
ances to be tried.

The command interface allows messages to be passed to either the scene for global
queries or commands, or more usually to individual actors or objects for applications
like avatar control. In this latter case, the commands are processed when they sampled
effectively overriding the script for that period of time (the precise timing of this
operation is described later in the paper). This means that animation will progress
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under the control of the script and object behaviours until the command sampling
process captures a command. This is then processed and implemented and the anima-
tion then continues from this new state.

Fig. 4. Modifying behaviours from spoken commands.

The system hardware architecture consists of three main components that corre-
spond to the functional units of the system. Figure 5 shows this in block diagram
form. The user input to the system is via the speech recognition system running on a
Windows NT™ PC. The recognised command tokens are then passed to the NLP
process running on an SGI O2™ over an Ethernet socket connection. The final com-
mands are then passed on through another socket connection to the REALISM run-
ning either on the same O2 or on another workstation (as in Figure 5).

The animation loop within REALISM operates at 50 fps. Using the SoTimerSen-
sor, the graphics system effectively 'samples' the REALISM animation process every
0.02 seconds. To accomodate the new command interface, and additional sample
period has been introduced. In the current system, this samples a socket connection
through which the commands are passed every 0.1 seconds. To ensure that a com-
mand is not missed the system waits for data to become available on the socket for
10ms. This is shown in Figure 6. This also shows the worst case for processing a
command. This particular diagram ignores the network delays due to the Ethernet
connections between machines. This is because this has been found to be negligible at
less than 5 ms, and even taking this into account the system response time is less than
1 second.
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Fig. 5. System Architecture.

The overall time for the system is therefore as follows:
• The speech recognition process on the NT PC takes approximately 500 ms to com-

plete. The recognised sentence is sent to the NLP engine on the O2 workstation.
• The NLP is completed within 100-200 ms. The result of this is a number of control

tokens that are passed to the REALISM command interface either running on the
same O2 or another workstation.

• The worst case scenario is now that the command token arrives just after the com-
mand sample period, and so the system must wait until the next command sample
period to detect the command. This adds another 90 ms to the processing time
(100ms cycle time – 10 ms wait time).

• Once the next sample occurs, the command is immediately processed (as it is al-
ready in the queue). In the worst case this can take up to 50 ms for the REALISM
system to respond to the command. In practice, most of the commands are fairly
simple to process, for example a command that translates into a ‘WALK’ action
(e.g., to instruct a voice controlled character to start moving) merely involves
setting the character's velocity to a non-zero value, which happens virtually in-
stantaneously.

• The change in state is then implemented at worst 30 ms later.
This therefore gives a maximum command to action delay of 870 ms. It also has

the effect that the animation frame rate drops. The command sample period of 10 ms
on a 100 ms cycle time results in a loss of 10% of the frames from the REALISM
system when no commands are being issued (although the OpenInventor™ display
will provide a better display rate than this the underlying simulation rate is what in-
terests us here). When a command is issued their is a further loss in animation time
due to the 50 ms command processing, resulting in this case of 50% of the frames
being dropped. However, this is the worst case processing time and this poor frame
rate only occurs during a single 100 ms period, once the command has been proc-
essed the loss of frame returns to the 10% level. If the user issues commands every
second (an unlikely if not impossible situation), the overall frame rate will drop by
14%.

If the delay between command issue and implementation is too long, the only op-
tion to improve this using the current hardware & software is to increase the com-
mand sampling rate within the REALISM system. For example, decreasing the com-
mand sample interval to 20 ms would result in a worst case delay of 790 ms, but
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would give frame rate drop of 50% during command-free periods, rising to 52% dur-
ing command intensive periods. Whilst this is a high percentage, the frame rate of 50
fps is relatively high, giving an effective frame at in this situation of 25 fps which is
still acceptable for interactive animation. Although this is acceptable, this is a rela-
tively high price to pay for such a modest improvement if command delay.

Fig. 6. Response times and sampling in the integrated system.

6   Conclusion

Due to recent advances in speech recognition and NLP, it now appears possible to
control guided actors through speech, as an alternative to traditional I/O devices and
motion capture techniques. The implementation of speech understanding in the con-
text of computer animation or video games is however faced with stringent require-
ments in terms of response time, that cannot currently be met on low-end hardware
platform. There appears to be a complex relation between speech-based control and
the level of autonomous behaviour implemented for artificial actors. While intelligent
actors with highly autonomous behaviour can make the best use of speech input,
many interactive systems are not designed to accommodate autonomous actors. This
is why have so far restricted ourselves to the case of guided actors, implementing
only simple behaviours in reaction to their immediate environment.

References

1. Webber, B., Badler, N., Di Eugenio, B., Geib, C., Levison, L., Moore, M.: Instructions,
Intentions and Expectations. IRCS Report 94-01, Institute for Research In Cognitive Science,
University of Pennsylvania (1994).

t

Command
implemented

Command
processed

Command
received

Speech
recognition

REALISM

Command
sampling

Command
processing

Command
wait

50ms

200ms

500ms

10ms

870ms
20ms

100ms

NLP



198           Marc Cavazza, Ian Palmer, and Steve Parnell

2. Beardon, C., Ye, V.: Using Behavioral Rules in Animation. Computer Graphics: Develop-
ments in Virtual Environments, Academic Press, San Diego (1995) 217-234
3. Kurlander, D., Ling, D.T.: Planning-Based Control of Interface Animation. Proceedings of
CHI’95 Conference, ACM Press, New York (1995) 472-479.
4. Chapman, D.: Vision, Instruction and Action. MIT Press, Cambridge (1991)
5. Trost, H., Heinz, W., Matiasek, J., Buchberger, E.: Datenbank-DIALOG and the Relevance
of Habitability, Proceedings of the Third Conference on Applied Natural Language Processing,
ACL Press, (1992)
6. Oviatt, S.: User-centered Modeling for Spoken Language and Multimodal Interfaces, IEEE
Multimedia, 3 (1996) 26-35
7. Bandhi, S., Thalmann, D.: Space Discretization for Efficient Human Navigation, Proceed-
ings of EUROGRAPHICS Annual Conference, (1998)
8. Ishida, T., Korf, R.E.: Moving-Target Search: A Real-Time Search for Changing Goals,
IEEE Transactions in Pattern Analysis and Machine Intelligence, 6 (1995) 609-619
9. Cavazza, M.: An Integated TFG Parser with Explicit Tree Typing, Proceedings of the Fourth
TAG+ Workshop, University of Pennsylvania (1998)
10. De Smedt, K., Kempen, G.: Segment Grammars: a Formalism for Incremental Sentence
Generation, In: Paris, C.: Natural Language Generation and Computational Linguistics, Klu-
wer, Dodrecht (1990)
11. Abeillé, A.: Une grammaire léxicalisée d’arbres adjoints : application a l’analyse automa-
tique. PhD Thesis, University of Paris 7 (1991)
12. Palmer, I.J, Grimsdale, R.L.: REALISM: Reusable Elements for Animation using Local
Integrated Simulation Models, Proceedings of Computer Animation’94, IEEE Comp. Soc.
Press (1994) 132-140
13. Nasr, A.: A Formalism and a Parser for Lexicalized Dependency Grammars, Proceedings of
the Fourth International Workshop on Parsing technologies, Prague (1995)
14. Schabes, Y., Waters, R.: Tree-Insertion Grammar: A Cubic-Time Parsable Formalism That
Lexicalizes Context-Free Grammars Without Changing the Trees Produced, Technical Report
TR-94-13, Mitsubishi Electric Research Laboratories, Cambridge (1994)



3D Modeling from Captured Images Using

Bi-directional Ray Traversal Method

Hisayoshi Zaima and Tsuyoshi Yamamoto

Hokkaido University, North-11, West-5, Kita-ku, Sapporo, Japan
{zaima, yamamoto}@cc.hokudai.ac.jp

Abstract. In general, modeling techniques are classified into the cre-
ative approach and the reproductive approach. We discuss the latter ap-
proach to reconstruct existing objects. Lately, computers and networks
are significantly improved, so that application algorithms are also ex-
pected to be improved as well. For instance, capturing and modeling ex-
isting objects without special equipment is really desirable. We propose a
method to reconstruct whole appearances of existing objects with voxel
space from 2D images that are captured using ordinary video cameras.
Our approach does not involve extracting and tracking feature points of
target objects unlike some conventional methods. Our method identifies
the voxel properties so as to keep the appearance from frame to frame
consistent. We call the way of expression screened voxel expressions. The
voxel properties are represented by state variables that represent shape
and color, and they are calculated by backward and forward ray shoot-
ing. During the calculation each voxel has several candidate colors and
the correct one is only determined at the end. In this paper, we will dis-
cuss the feature value assessment using some experiments. We will also
explain the basic methodology of our approach.

1 Introduction

So far many approaches that reconstruct existing objects as 3D models have been
introduced [1]∼[4]. However, they tend to have some restrictions with respect to
hardware or capturing the environment. Some approaches employ extracting and
tracking feature points of target objects that may be characterized by boundaries
of textures or shapes. However, the problems of how to extract feature points of
target objects and how to track each point between neighboring frames have not
yet been established. Today, there is no choice but to rely on range finders or
other special equipment for capturing and modeling 3D geometry. We propose a
novel method to reconstruct 3D shapes and colors that uses a hand-held video
camera to capture the appearances of target objects. Via camera calibration
routines, the algorithm reconstructs whole shapes and colors of objects in voxel
space. At present we use graph paper in order to extract control points for camera
calibration, however there is no need to extract and track feature points of the
target objects. Instead, the algorithm uses backward rays and forward rays so as
to identify the property of each voxel by assessing the consistency of appearances
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from different viewpoints. It follows that the algorithm determines each voxel
property so as to express outer surfaces of target objects. The required data
are only on the surface state voxels and we call those extracted voxels screened
voxels. Although it may be also significant to propose the way to convert these
screened voxels to polygons by applying the marching cube method, our present
objective is to generate high quality voxel models [5]. We have presented the
fundamental idea of this approach [6]. In this paper we describe the assessment
of proper feature values in order to improve usability of this approach in natural
environments. We also describe our experimental results.

2 Related Works

Many approaches to generate 3D objects have been introduced so far. Modeling
approaches from existing objects have been also studied a lot in the field of com-
puter vision. Some promising ways have been developed by means of improving
conventional methods such as the stereo algorithm or the SFM (Structure From
Motion) [7]. In general, those methods require a number of feature points that
are extracted as the boundaries of shapes or textures. However, extracting and
tracking feature points have been difficult questions so that general and robust
ways have not yet established. It also follows that the reconstructed results are
strongly affected by the number and the accuracy of feature points. Some ap-
proaches that are improved in terms of this question have been introduced. Since
it is not required to track feature points, the voting method seems promising.
However, it is still required to extract a number of feature points [8][9]. We think
it is significant to propose a new modeling method that does not require any
feature points of the objects and represent whole appearances of the objects.

3 Bi-directional Ray Traversal Modeling

3.1 Outline

We call such feature values as texture colors and other factors that characterize
objects’ surfaces appearance. First, as can be seen in figure 1(a), we define voxel
space, the space which surrounds target objects, as 1283. Then, we extract outer
surfaces by identifying each voxel property. Under ideal conditions, as can be seen
from figure 1(b), voxel V1 which is located on a certain surface, should basically
appear identical even from different viewpoints. On the other hand, in the case
of voxel V2 which is located off the surfaces of objects, as can be seen from
figure 1(c), will appear different from different viewpoints. When using a number
of frames captured from different viewpoints, V2 should not have a consistent
appearance, nor should other off the surface voxels. Thus what the algorithm
needs to do is to classify each voxel based on its consistency of appearance. In
other words, each voxel is expected to be classified into two states depending
on whether it has a consistent appearance among different frames or not. The
reconstruction process consists of three sub-processes as shown in table 1 and
each process is performed sequentially.
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Fig. 1. Basic methodology.(a)Initially, we define a conventional voxel
space.(b)On the surface state voxel, V1, should have a consistent appearance
even from different viewpoints.(c)Off the surface state voxel, V2, should not.

Table 1. Reconstruction processes

No. process objective

1 Backward process Set initial state for each voxel
2 Forward process (1) Make inconsistent voxels invalid
3 Forward process (2) Fix outer surfaces and colors

3.2 Advantages of Our Approach

We explain three advantages of our approach.

(1) No necessity of feature points
Some methods dealing with the feature points tend to have problems regarding
the method and the accuracy when extracting and tracking them. Furthermore,
it is sometimes the case that it is difficult to obtain a sufficient number of points
on the surface, for instance with objects of a single color range (i.e. grayscale)
or a curved surface with a single color. If the number of feature points is small,
interpolation tends to be difficult. On the other hand, if there are a large num-
ber of points, incorrect correspondences often occur or human intervention is
required, so it follows that the method becomes difficult to conduct. Although
our method needs a number of control points on the background in order to per-
form camera calibration, it does not require any feature points on the objects.
From this, even objects that are considered to be difficult to reconstruct, can be
reconstructed.

(2) Outer surfaces of whole objects
If we use feature points, the reconstructed results depend on the distributions
of those points. This means that the state of the results is affected by the num-
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ber and density of the feature points. Furthermore, in regions where the feature
points are dense, incorrect correspondences may be easily formed as described
above. Interpolation errors are easily formed in sparse regions. In our method,
the amount of final information depends only on the resolution of the voxel
space, and it is suitable for calculating outer surfaces with uniform density. In
addition, in our approach, it is possible to reconstruct whole appearance of ob-
jects regardless of the complexity of the shape and texture.

(3) Small core data
Screened voxel expressions keep the core data size for 3D geometry small. In our
method, our programs extract and visualize the core data that are originally
generated from conventional lattice located voxels. Voxels that are extracted as
the screened voxels are located either on the surfaces or close to the surfaces of
the objects. Polygon-based models have a tendency to keep the data size large
because of their vertex data that are expressed with the floating decimal points.
On the other hand, the screened voxel expressions do not involve vertex data
so that core data can be kept smaller than other conventional expressions. Core
data are constructed with voxel ids and voxel colors. We need only 6 bytes to
define on the surface state voxel : 3 bytes for each voxel id and 3 bytes for each
voxel color as long as we handle 2563 voxel spaces or under.

3.3 Feature Values

When we try to compare the values of two or more voxels, certain special values
are required. We call these special values feature values and use threshold values
to compare them. Threshold values are given by maximum allowance ranges so
we can regard two values as having the same appearance. In our experiments,
we made input frames by translating NTSC video signals to RGB signals and
performing a median filter process. We have generated several feature values
from pixel values that are expressed as RGB signals. We have also evaluated the
feature values through some experiments.

Table 2. Voxel properties

state candidate colors

on the surface {Rj , Gj , Bj |j > 0}
off the surface {−,−,−}

3.4 Voxel Properties

As can be seen from table 2, voxel properties are classified with two state vari-
ables, on the surface state and off the surface state. In the process of reconstruc-
tion, voxels that may possibly express outer surfaces of objects are given on the
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surface state and have more than one candidate color, meanwhile other voxels
that have no possibility to express outer surfaces of objects are given off the
surface state and have no candidate colors. Thus in the middle of reconstruc-
tion, as long as a voxel has at least one candidate color, the variable is set to
on the surface state. Each voxel is in one or the other state at all times. If it
is no longer possible for on the surface state voxels to express outer surfaces, in
other words inconsistent appearances are found, the state variable is changed to
off the surface state and all candidate colors are removed. This state changing is
irreversible. Once a voxel is identified with off the surface state, it can never be
reversed. After all processes are completed, voxels that maintain on the surface
state should express the outer surfaces of target objects.

Fig. 2. The backward process. Backward rays are shot from each voxel to all
viewpoints.

4 The Backward Process

We show the outline of the backward process in figure 2. Backward rays are
shot from each voxel to all viewpoints. If the ray intersects the view plane, the
algorithm obtains a feature value at the intersected pixel. So it can obtain a
list of feature values. The number of feature values depends on how many view
planes the backward rays from the voxel intersect. We mean it is not always true
that the backward rays that are connected between a voxel and each viewpoint
intersect the view plane. For example, even when we captured 20 frames as input
images, the number of intersections could be 15. So the number of values on the
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list could be set to 15. We call this list the candidate color list. The backward
process is expressed as follows schematically.

for ( each voxel )
{

for ( each viewpoint )
{

shoot backward ray
if ( intersected ) obtain the pixel value

}
obtain a candidate color list for current voxel

}

As long as a voxel is located on the surfaces of the object, the original color of
the surface should be on the candidate color list. However, even in the case that
the voxel is located on the surfaces of the object, the most frequently occurring
color in the list does not always express the original color of the surface because
there are a number of occlusions, or rear projections, shown in figure 3(a). This
means that the candidate color lists necessarily contain various colors. Thus
even if the number of times a color appears on the candidate color list is very
small, we can never deny the possibility of expressing the original and final
color. Meanwhile, it is possible even for voxels that are located off the surfaces
of objects to have a candidate color list as described in figure 3(b). However in
that case all feature values in the list are expected to be removed by the end of
the reconstruction process. Unless these colors are removed, they will appear as
artifacts.

Fig. 3. Candidate colors on the list. (a)We need to identify the original color on
the surface state voxel. (b)All candidate colors should be removed.
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Fig. 4. The forward process. Forward rays are shot from each viewpoint to the
voxel space through each pixel.

5 The Forward Process

In the forward process, rays are shot from each viewpoint to voxel space through
each pixel as indicated in figure 4. These rays are expressed as traversal voxel
lists using the 3DDDA (3 Dimensional Digital Differential Analyzer) [10]. Each
forward ray has a feature value obtained from the pixel, and each traversal voxel
also has a candidate color list obtained from the previous process. At this point,
these values are compared using threshold values. When a difference between
the values of forward ray (P) and the candidate colors (Cn) is found, the values
on the candidate color list are removed. If a voxel loses all candidate colors, the
state variable is changed to off the surface state. When the values of the forward
ray (P) and the candidate colors (Cn) are identified as the same, the traversal of
the current ray is discontinued and the traversal routine steps to the next ray.
The forward process can be expressed as follows schematically.

for ( each viewpoint )
{

for( each pixel )
{

shoot forward ray and obtain ’the candidate color list’
compare feature values

}
}

In our algorithm, the forward process is performed twice sequentially as
shown in table 1. Strictly speaking, the voxel location can be classified as one of
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three states : inside, on the surface and off the surface of objects. The algorithm
removes voxels that are located off the surfaces of objects by the first forward
process. At this point inside voxels of objects remain and the final color of each
voxel has not yet been narrowed down to one. In the second forward process, the
algorithm identifies the outer surfaces of remaining voxels that are considered
to be located inside or on the surfaces of objects at this point. At the begin-
ning of the second forward process, the score of each feature value on the list is
initialized to zero. When a forward ray intersects on the surface state voxel, it
increases the score of the feature value which has the same value of the forward
ray. Finally, the feature value that has the largest score on the list is selected
as final value of the voxel. It also follows that a number of on the surface state
voxels which have scores of zero can be identified with inside voxels. Therefore
the algorithm removes those inside voxels in a lump. In the end, voxels that are
located on the surfaces of objects remain with selected color.

6 Algorithm Assessment

6.1 Feature Value

Determining feature values in our algorithm required two aspects of assessments
concerning the time-oriented properties and the plane-oriented properties. As for
the time-oriented properties, it is required to express stable values for identical
points on the surface of objects even from different viewpoints. This aspect plays
a key role in keeping necessary voxels in on the surface state that are actually
located on the surfaces of objects. As for the plane-oriented properties, whether
the values can maintain sufficient differences based on their original RGB or not
will be the target of assessment. This aspect is important to remove unnecessary
outside voxels. We assessed the following values based on those requirements. As
a preliminary investigation, we captured an existing object from arbitrary view-
points using a hand-held video camera in a natural environment and extracted
10 frames as key frames. There is no special temporal or spatial relationship
among the frames. We investigated the appearances and transitions of captured
points. Figure 5 shows the intensities of respective values at an identical point
for each frame. Table 3 summarizes standard deviation, maximum differential
and band width for each candidate feature value. We also describe respective
consideration as follows.

(1) RGB
Employing RGB values directly for feature values is reasonable because how ob-
jects appear to humans can be directly reflected with these values. That is the
ideal concerning plane-oriented properties. However, the time-oriented proper-
ties are anything but stable so that RGB is not suitable for feature value in our
algorithm. As can be seen from table 3, the maximum difference is 50, thus if
we employ RGB as a feature value, we need to set the threshold value at more
than 50 in order to be consistent. Using 50 as a threshold value against the band
width that is 256 seems really impractical. The process of capturing images using
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Fig. 5. Transmissions of feature values. (a)RGB (b)S/RGB (c)SV/RGB (d)Hue
(e)Luminosity (f)Hue distribution

Table 3. Comparison of feature values

Standard Maximum Band
Division Differential Width

RGB 15.6 50 256
S/RGB 3.1 44 256
SV/RGB 23.2 17 256
Hue 7.3 8 360
Luminosity 6.6 26 256

NTSC and translating to RGB is sensitive to signal noise and the properties of
objects. We have used RGB values for dull models in an indoor setting experi-
mentally. The appearance of objects was mostly affected by ambient light, so that
it sometimes worked well. However it might not work as well in other conditions.

(2) S/RGB
One important question to answer in our experiments was how to deal with
NTSC signals. They are very sensitive to signal noise and do not reproduce the
colors of scenes accurately. S/RGB stands for Saturated RGB which is produced
by translating from RGB to HSV then reversing again to RGB after saturat-
ing the value of S. This value S indicates how whitish the recorded signals ap-
pear. Therefore saturating S is expected to absorb the dispersion of RGB signals
caused by noises and other factors. We employed the Smith’s method for inter-
translation between RGB and HSV [11]. As can be seen from table 3, compared
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to RGB, it seems better with respect to time-oriented properties, however it is
still not stable enough to be selected as a feature value.

(3) SV/RGB
This value is produced by saturating the value of V along with S. As can be
seen from figure 5(c), while stable transitions on time-oriented properties can
be found, another question is raised. Saturating a certain value in HSV in-
volves setting the minimum value of RGB at zero or a middle value such as
128. In the region where two or three values in RGB are similar, people can
not recognize the differences of these colors and may regard them as the same
appearance. However, the translated values using HSV express completely dif-
ferent appearances. In other words, subtle differences in RGB are excessively
extended and the translated values can hardly maintain stable appearances of
plane-oriented properties. For instance, two pixels, P1{R, G, B|100, 92, 90} and
P2{R, G, B|100, 90, 92}, look about the same to humans. Even though the differ-
ence of G and B is small, these two values are translated to completely different
RGB values in the end. This problem commonly occurs in capturing images by
video camera because of signal noises and other factors. Reconstruction results
are easily and significantly affected by the results of signal translation and cam-
era calibration errors. This issue is found in S/RGB translation and is an even
bigger problem in SV/RGB translation.

(4) Hue
RGB may be easily affected by the intensity of input signals but the original
hue of objects seems not to be much affected by the input signals. As we ex-
pected hue is found to be stable in regard to time-oriented properties unlike
RGB. The maximum difference of 8 against the band width of 360 seems to
be stable. Having a large band width with a small threshold value is desirable
for our algorithm. However, this value does not show sufficient differences in re-
gard to plane-oriented properties. We also confirm the tendency from figure 5(f)
that most values converge around particular values. It follows that we can not
choose this value as a feature value for the algorithm. Naturally this phenomenon
strongly depends on the environment captured. The environment captured may
accidentally have had a preponderance of similar hues caused by trees or grasses.
At any rate, employing hue seems not to be proper for this purpose.

(5) Luminosity
Since the NTSC signal was originally meant for monochrome images, it is not sur-
prising that it is weak for color. So producing luminosity from NTSC is expected
to be much more reliable than that of chromaticity. The value is calculated as
YIQ signals translating from RGB. Compared to RGB, it is found to be rela-
tively stable concerning time-oriented properties as well. As for plane-oriented
properties, it is certainly true that the amount of information needed to recog-
nize objects is smaller than that of RGB color images, however, it is still possible
to recognize the target objects even with monochrome images. Therefore it is
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thought to be the optimum value among present candidate feature values for
our algorithm.

It follows that it seems best for our algorithm to employ luminosity for the
backward process and the first forward process and RGB for the second forward
process as feature values.

6.2 EV Correction

In many cases, video users leave control of exposure to the camera. So when we
capture images outdoors, the exposure values are controlled automatically by
the state of light sources, backgrounds and the properties of objects at all times.
Especially in our method, since arbitrary viewpoint locations are also allowed,
the exposure values are easily changed from frame to frame. Changing expo-
sure values necessarily affects the above-mentioned feature values. In particular,
luminosity is easily affected by the exposure value. We could fix the exposure
value while capturing images on purpose. However, we decided to give priority
to freedom when capturing images and correct the exposure values by computer
processing instead of fixing the exposure values. We used a Sony DCR-VX1000
for image capturing equipment because it records exposure values for each cap-
tured frame. This makes it possible for the algorithm to correct exposure values
after capturing images. Figure 6(a) shows the relation between exposure val-
ues (EV) and luminosity (Z) obtained from captured frames. As a preliminary
experiment, we observed the relation between EV and Z. In this experiment,
we fixed the camera location and captured some frames of a color pallet while
changing the exposure values artificially. Figure 6(b) shows the transitions of
intensity. Though luminosity is easily affected by the exposure values, it is gen-
erally possible to correct the values linearly except for in the saturated region.
Making use of the exposure correction based on this calibration, we performed
some experiments.

Fig. 6. Influence of exposure values. (a)Pixel values are affected by surface colors
and current exposure value. (b)EV correction is available except the saturated
region.
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6.3 How To Decide Threshold Values

Not only feature value decisions, but also threshold value decisions should sig-
nificantly affect results. At first, we set the values statically as a parameter and
searched for the optimum value by feel. It was difficult to find a suitable value
because there is a tradeoff in quality concerning threshold values. On the bound-
aries of textures or shapes, the accuracy of results is easily affected by camera
calibration error. It follows that setting a small value easily causes unsuitable
state changing from on the surface state to off the surface state in this area. Even
with a one pixel gap, it could lead to a critical error in results. On the other
hand, in the regions where similar appearance is continued in a frame, setting a
small value causes effective state changing. This causes a reduction of artifacts.
So when camera calibration can be done quite accurately and the feature values
are also stable concerning the time-oriented properties, it is better to set small
threshold values. In reality, it is difficult to meet all these conditions. Therefore,
we may have to set the feature values manually depending on the situation. In
the above-mentioned forward process, the algorithm changes the threshold val-
ues ray by ray. As can be seen from the following formula, each forward ray is
dynamically given the threshold value TV by adding a factor of safety to the
maximum differential between current pixel Pc and its surrounding eight pixels
Pi.

TV = max|Pc − Pi|+ α

While these values become large on such regions as boundaries of textures and
shapes, they become small where similar appearance is continuous.

7 Experimental Results

We show examples of captured frames and individual reconstructed figures in
figure 7 and 8. Each model is reconstructed from 20 frames with 640 by 480
pixels and defined in 1283 voxel space. We employed the Tsai’s algorithm and
used graph paper to obtain control points for camera calibration [12][13]. We
performed all routines on an SGI Indigo2(R10000-192MB). In the case of figure
8(b), the calculation time was 270 seconds for modeling and 4 seconds for ren-
dering.
The number of input images is one of the most important factors that affect
the accuracy of reconstructed models. In these experiments, we employed 20
frames as input images. It is the fact that the accuracy of results and calculation
time vary depending on the number of input frames. We have not yet evaluated
quantitatively the relationship between the number of frames and the results. It
seems fairly affected by the complexity of objects. However, strictly speaking,
the selection of camera angles is more important than the number of input im-
ages.
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Fig. 7. How reconstruction is performed. (a)An example of input images. (b)Just
after the backward process. (c)Just after the first forward process. (d)Just after
the second forward process.

Figure 7 shows each process of reconstruction step by step. The algorithm
identifies a tremendous number of on the surface state voxels just after the
backward process. The 3D shape of the target object stands out in relief after
performing the first forward process. After all processes are completed, the final
result is obtained with surface colors along with the outer surfaces. Furthermore,
the number of on the surface state voxels is reduced to around one tenth between
the first forward process and the second one. This is because the voxels that are
located inside objects are removed by the second forward process and only the
voxels that are located on the surfaces of objects remained as on the surface state.

Figure 8(a) shows an example that deals with two objects and obvious oc-
clusion. While we can confirm a good result for occluded objects, some artifacts
caused by the graph paper are not negligible. The graph paper is located under
the objects for camera calibration so that it is captured on all frames as a com-
mon background. Therefore the fact that the algorithm was not able to remove
the common background produced artifacts as a result. We expect that this kind
of artifact can be reduced by improving the accuracy of camera calibration.
Figure 8(b) shows an example that an object has several colors and occlusions.
We confirm from this result that there are two types of artifacts. One type is
floating voxels that are located outside the object where objects do not exist
in reality. These artifacts are expected to be reduced by improving the camera
calibration method as described above. The other one is identified as incorrectly
colored voxels that appear different from the original despite being located on
the surfaces of objects. We need to improve the color identification process so as
to avoid this kind of problem.
In this case, by the end of the process, 3.8% of the voxels remain in on voxel state
compared to the initial number of 1283. The final core data size is approximately
360KB.
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Fig. 8. Experimental results. (a)Two examples of input images and a rendering
result of reconstructed model. (b)An example of input images and two rendering
results of reconstructed models.

8 Conclusions

We have proposed a reconstruction approach for natural environments. We still
have some restrictions such as using graph paper to locate objects, however, we
have confirmed the possibility for improving our approach.
Reconstruction of 3D models from captured images has a wide range of appli-
cations. For example, reconstruction of the site of soil avalanches is difficult to
perform by measuring or using range finders. Similarly, reconstruction of wild
plants is difficult without touching them. In cases like the above, our approach
will be considered preferable if the available resolution is improved more.
Our approach by no means produces more accurate models than using range
finders or other methods. It is rather rough because of using voxel space. How-
ever it is portable and has a wide range of applications. Conventional methods
that extract and track feature points of objects do not always produce satisfying
results. Both approaches, conventional methods and our approach, have respec-
tive advantages. It may be desirable for users to apply one or the other method
depending on the objects and objectives.
As for our approach in this paper, in order to cope with fully natural scenes, we
need to reexamine how to deal with such optical phenomenon as specularly re-
flected light or highlights. Moreover, we would like to improve camera calibration
and calculation time in order to improve effectiveness.
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1 Introduction

Performer-driven animation has been used with success [1], first of all to repro-
duce human body motion. While there are different capturing hardware-software
systems to map the motion of a performer on the motion of a model of the body
or face, little has been done both on the technical and on the theoretical level
to support the inventive re-use of captured data.

The topic of this paper is an animation editing environment, which can be
used to visualize and analyze captured animation data as well as to process the
captured data and re-use it several times in different ways.

The Animation Editor has been designed in the framework of the FASE
project, aiming at performer-driven facial animation. The performer data is used
to drive both a physically-based 3D realistic model, as well as different, cartoon-
like 2D faces. We are also experimenting with driving non-human faces with
(processed) performer data. The editor is coupled to the models in such a way,
that snapshots of the animation or selected parts of it can be seen interwoven
with editing.

We will discuss animation editing in the context of facial animation. However,
most of the ideas could be applied to other animation domains.

When animating the human body, techniques used to animate or describe
joints the dynamics of motion of physical bodies can be applied. The situation
is different in the case of facial animation. The ‘laws’ of facial movements are
based on too complex and partly unknown physical structures (friction between
muscles, precise location and parameters of muscles and tissue, etc.). In addition,
there is still very little known about generic and individual characteristics of the
dynamics of the face [2]. Hence, both the physical as well as the behavioral laws
of facial motion could be, and should be learnt from a large body of empirical
captured data. Once generic and individual characteristics of certain facial mo-
tions, e.g. expressions, are known, these can be used to process captured data
or make facial animations from scratch.

2 Capturing Facial Data

The motion of the performer’s face is coded in terms of feature point based
MPEG action units (further on: AUs) [3]. In the present stage of the project

Nadia Magnenat-Thalmann, Daniel Thalmann (Eds.): CAPTECH’98, LNAI 1537, pp. 268–271, 1998.
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we can recognize the feature points identified in the MPEG standard by apply-
ing marker points to the performer’s face. Later, more AUs will be captured,
and based only on video recordings of the face without markers. The recogni-
tion based capturing subsystem is being developed by our partners in the FASE
project [4]. We assume for this paper that captured data are provided through
the above interface. The paper will not discuss the recognition task further but
concentrate on the synthesis aspects, in particular by means of interactive ani-
mation editing.

3 The Animation Editor

Animation Editor is an interactive tool for the graphical specification, presenta-
tion and modification of the values of animation parameters for computer (facial)
models. The parameters can represent muscle contraction values, coordinates of
feature points or any parameters used to control a facial model.

The animation editor is as much a research tool as it is an animators tool. In
body animation performer input is still superior to model-input for driving ani-
mations. In facial animation the situation is more complicated because accurate
performer data are hard to get. Moreover the correct interpretation of observed
data needs better underlying models than currently available. The animation ed-
itor will in our approach play an important role in finding better models. It can
be used to do a detailed analysis of performer input parameter values including
time dependent behavior. The analysis can be about individual parameters or
ensembles of them. Hypotheses can immediately be ‘edited in’ and tested (visu-
ally) on a variety of models. Particular attention can be given to the possibilities
of analyzing the dynamics of facial behavior.

Underlying utilities allow for controlled superposition of animation (e.g. speed
and expressions). The strategy is to let the analysis tools smoothly evolve to-
wards animators tools. The current version has been evaluated by animation
artists through hands on exercising. The results are encouraging. During this
experimental phase it is vital to maintain access to the lowest level editing op-
erations, as they are the building blocks for higher level actions targeted for.

The animation editor operates on a window which looks like a musical score.
There is a ‘staff’ for every animation parameter; the lines on each staff reflects the
values the parameter can take. The behavior in time of an animation parameter
is specified by placing points on its staff. They are entered, moved and deleted
by mouse-operations.

One can perform editing operations — cut and paste operations, time- and
value scaling — on portions of curves and on sets of them. Performer data can
be read in and presented in the scores. Parts of earlier made animations — also
performer data — can be copied and pasted to a different set of parameters,
allowing e.g. to animate different — realistic 3D as well as 2D cartoon-like —
faces on the bases of performer data.

The editor can produce as output animation scripts (movies) in ASCII format
by sampling the curves at a rate which is set by the user. Such a file can be used as
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Fig. 1. Snapshot of an Animation Editor window, showing 4 animation param-
eter staves, the top with artificial data, the 3 below with captured data. Part of
the left eyebrow movements are selected.

input for the corresponding model, or the corresponding model can communicate
directly with the editor, allowing for feed back — snapshots, replay of selected
parts — while editing the animation curves.

4 Processing Captured Data

The Animation Editor supports the (re-)usage of captured data in different ways:
Analysis The curves of the captured data give an overview of the ‘content’ of
the facial movement. One can quickly identify certain events (jaw opening, eye-
brow movements). Also, from the extreme values and shape of the curves one
can evaluate the animation by large, at a glance.
Scaling Parts of the captured data can be scaled in magnitude and/or time. The
selection can be restricted to certain parameters in a given time interval (e.g. to
make an eyebrow movement more emphasized or shorter), or to one parameter
(e.g. to achieve asymmetrical motion).
Editing and Extension of Captured Data The editing environment can
be used to add non-captured motion (e.g. eye-gaze movement) and change the
captured data locally (e.g. to eliminate recognition mistakes, to smoothen the
animation, to refine synchronization).
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Re-using Library Entries Pieces of captured (and possibly processed) anima-
tions can be saved and re-used later. When re-using an animation, different sets
of motion parameter channels can be used than the ones of the saved animation.
Automatic bi-linear re-scaling takes place when pasting a curve of one channel
to another one.
Constraint-Based Editing Constraints can be used to express both the phys-
ical and behavioral ‘laws’ of the face to be animated (e.g. co-activation of action
units, limits on ranges and derivate of parameters, symmetric motion of the face)
to define compound animations as ‘building blocks’ to be used (e.g. a smile is an
animation fulfilling certain constraints), to prescribe synchronization and other
requirements according to the ‘story’ of the animation (eyes should be fixed
somewhere, at the time of a noise effect the face should blink).

5 Implementation and Future Plans

The first version of the Animation Editor supporting the most essential con-
straints only has been implemented in Java, and is being tested by potential
users. This version has been used with success in our environment. (Demos are
available.)

For the next version, the constraint-related features will be added [5], allowing
the user to define, switch on/off constraints, helping him to fulfill the current set
of constraints during editing, adjusting an animation to a new set of constraints.
The latter feature will allow to define transformations of captured data on a high
conceptual level (e.g vigorous facial data can be transformed to an animation of
the face of a tired/sleepy person).

Based on a large body of empirical captured data, we will support the in-
clusion and blending of animations as high-level building blocks (expressions).
In the next version, for the mapping of channels a choice of possibilities will be
available, allowing the definition of interesting, not one-to-one usage of performer
data channels and animation parameters.

The work has been carried out in the framework of the ongoing FASE project,
supported by STW grant CWI66.4088.
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