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ABSTRACT
We combine techniques from interactive computer graphics
and automated computer vision to extract articulated body
movement from video. Active contours and techniques
from image processing are used to identify features and es-
tablish feature relationships from frame to frame. A three-
dimensional hierarchical model is associated with active
contours, which then kinematically “pull” the model along
with them. Motion capture is iterative and interactive, with
users adjusting the extraction as needed. The technique
is demonstrated using the motion of a horse, though it is
equally appropriate for human figure animation.
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1 Introduction
The animation of real and fantastic humans and animals
presents unique and difficult challenges because of the
complexity of their motion and our expectations of their
behavior. Such animation has many practical applications
in entertainment, ergonomics, and biomechanical simula-
tion. Believable virtual characters must move freely and in
balance, with timing consistent with the real world. Key-
framing techniques are laborious and require artistic talent
and training. Physical simulation suffers from major con-
trol problems. Studio motion capture, at present, is most
realistic, but expensive and environmentally restricted.

We are particularly interested in the natural and unre-
stricted movement of animals (including humans) in out-
door environments, such as horses cantering or children
playing in the surf. Such motion cannot be easily captured
in a studio, but can be easily recorded in the form of video.
Unfortunately, video images only provide two-dimensional
projections of the motion. (Though multiple, high-speed
cameras could simplify the problem, we are interested in
the most general case, of a single camera.) In this paper,
we discuss our research in extracting three-dimensional,
articulated motion from such two-dimensional recordings.

Our approach combines semi-automated methods
from computer vision (to extract and track features),
with partly interactive approaches from computer graphics
(matching a model with image features). Our contribution
is not so much a new algorithm, but a new way of com-
bining techniques from different fields to solve a particular
problem. A significant new contribution is our method

for automatically adjusting the virtual model to track the
image sequence. We concentrate on the horse as an exam-
ple creature, with some results shown for a human. Our
web sitewww:cse:ucsc:edu=�wilhelms=fauna provides
more images and animations.

2 Background
The computer vision methods most applicable to our work
are model-based techniques for extracting articulated body
motion from monocular image sequences (an excellent sur-
vey paper is by Aggarwal [1]). Image features are tracked
by an articulatedmodelthat may be created interactively
or generated automatically. The model tracks by adjusting
its geometry to minimize the error between it and image
features. We track features and associate them with the
model usingactive contours, or snakes[3, 5]. Active
contours are sets of connected control points associated
with features (usually edges) in the underlying image. They
can both automatically track features in a sequence of im-
ages, and be easily manipulated by the user with geometric
transformations. This makes them very appropriate for our
combined vision-and-graphics approach.

3 The 3D Generic Model

Our horse model is a three-dimensional hierarchy
with 83 segmentsconnected by joints [8]. (Geometric
bones, muscles and skin can be associated with the hier-
archy, but this subject is not relevant to this paper.) We
created a “generic” horse by fitting segments to anatom-
ical diagrams [4]. As a first step in the video extraction
procedure, the generic horse is interactively adjusted to the
horse in the video. Each segment has adefault geometric
transformationthat places it on its parent segment (or in
the world, for the root segment), and astate geometric
transformationthat transforms it relative to the default. The
Z-axis of the local segment frame is the longitudinal axis.

State transformations can be restricted by joint limits,
either using simple Euler angle limits or (usually more ap-
propriate) reach-cone limits [10]. Figure 1 illustrates reach-
cone limits on the generic horse. Because it is unwieldy
to manipulate a structure with 83 joints, we group linear
chains of joints intosupersegments, so that they can be
manipulated together using inverse kinematics or by simply
distributing weighted transformations among joints [6].



Figure 1. Generic model with joint limits.

4 Image Feature Tracking

On the vision side, we next need to identify those pixels
in each video frame that represent thefeatureof interest,
i.e., the horse. Once this feature is found in a single frame,
it must betrackedin other frames. Because of the unre-
stricted nature of our video sequences, we depart from the
concentration on fully automatic techniques which char-
acterizes many computer vision approaches. We place no
constraints on camera parameters, camera motion, feature
motion, feature characteristics, lighting, or background.
We accept the necessity of considerable user interaction to
guide the feature extraction process. However, we provide
the user with many techniques, interactive and automatic,
to simplify the process.

Active contours(also calledsnakes) [5] are our feature
representation. In our case, these are two-dimensional
polylines that snap to and track image features. The user
creates them in one or more frames so that they lie near
a recognizable image feature (such as the outline of a leg).
The contours are copied to succeeding frames, and adjusted
automatically by examining the pixels near the snake so
that they follow the same feature.

Active contours are appropriate for our problem be-
cause their simple geometry is easily amenable to user in-
teraction. The user creates them with the mouse, by tracing
the desired features. During the tracking process, the user
can intervene at any time to adjust the snakes (either single
vertices or as a rigid body) when automated alignment fails.
The contour geometry is also easily associated with the
hierarchical model, in the final extraction phase (Section 5).

Low-level image processing methods, such as hue and
intensity manipulation, smoothing, and edge detection can
also be applied to images to clarify features (Figure 2).

Figure 2. Left: the original image; right after conversion to
grey-scale and edge detection.

4.1 Active Contours

We found active contours (or snakes) [5] desirable because
they: (1) identify image features; (2) track automatically;
(3) can be easily manipulated where tracking fails; and (4)
can drive the animation of the three-dimensional model.
There are generally several active contours in each frame,
each associated with a particular feature of interest in the
image, usually a part of the body of animal being tracked.
Figure 3 shows the active contours used to extract the
motion of the foal walking.

An active contour for one frame can be used to auto-
matically generate new versions of itself in other frames in
three ways: (1) by simply copying it from another frame;
(2) by extrapolating the control points from two previous
frames, as if the velocity were constant; and (3) by interpo-
lating between the positions of control points in specified
frames before or after the new given frame. Once added to
the new frame, several tracking heuristics are applied.

Tracking can be problematic when motion is fast (fea-
tures are many pixels away in the next frame) and when fea-
tures aren’t consistent (features are occluded or fade away).
Active contours can also be subject to “creeping” along
image edges. Thus, the user can at any point interactively
adjust either the whole contour (rotating and translating it
as if it were rigid) or adjust individual points that sneak
away from their features.

Given one or more initial positions where the contours
are appropriately positioned relative to image features, the
contours must automatically adjust themselves to track
these features. To do this, virtualforces are applied to
the contours. These forces may be categorized asinternal
forces, which represent a contour’s interaction with itself;
external forceswhich arise from the contour’s interaction
with the image; andgravity forces, which pull the contour
in a particular direction. The heuristics used to determine
virtual forces are under development and not very satis-
factory at present, and considerable human interactive is
involved. Additional details are given elsewhere [2, 11].



Figure 3. Active contours for foal walking: top, the cre-
ation frame; bottom, a later frame.

5 Extracting 3D Animation

Finally, the two-dimensional active contours that
track features in the video frames are associated with the
three-dimensional model, and “pull” it into new positions,
creating an animation. As this is a very under-constrained
problem, considerable user input is involved. This is an
iterative process, and proximal body parts are generally
captured before distal ones. Filtering can be applied to the
motion curves thus created, to reduce noise. The steps are:

1. In a preliminary step, the user interactively adjusts the
model geometry to fit the subject in the video, so that
it has the appropriate size and proportions.

2. The user then aligns the model with image features
in model key frameswhere their relationship is clear.
Interpolation is used between the key frames to create
an initial approximate animation.

3. The active contours are automatically anchored to
the model inanchor frames(Section 5.1), where the
model is properly aligned. (Generally model key
frames are also anchor frames.)

4. Finally, the active contours “pull” the model into po-
sition in the remaining frames (Section 5.2).

5.1 Anchoring Active Contours to the Model

In an anchor frame, each active contour vertex is associ-
ated with a particular nearby model segment. Distance is
calculated between the two-dimensional projection of the
longitudinal axis of a segment and thei-th contour vertex
Pi. The projection is onto the image plane, which is the
world-spaceXY plane. When the nearest point is found
in two dimensions, each active contour vertex is given a
Z-value equal to that of the near point on the segment
axis. Each vertex is then converted to the local coordinate
frame of the anchoring segment, establishing a relationship
between the world space features represented by active
contour points, and the three-dimensional model. The local
representation of an active contour vertexPi is the anchor
Ai. The user can determine whether all segments, a par-
ticular supersegment, or a particular segment is examined
to find anchors, because the nearest segment in the body is
not always the one most desirable for anchoring.

The world space active contour vertexPi and its local
segment representationAi project to the same point in an
anchor frame; they generally do not in other frames. The
active contours in other, non-anchor frames have moved to
follow the image features. The geometric relationship be-
tween the active contour anchor vertices and their vertices
on other frames is used to adjust the model to follow the
moving features (Figure 4).

5.2 Automatically Repositioning the Model

To reposition the model in a non-anchor frame, the anchor
representations of active contour points (which are stored
in the local segment coordinate system) are converted to
world space and projected onto the image plane. Then
model segment geometry is automatically adjusted to mini-
mize the distance between the active contours for this frame
and the projected anchors. The user controls the type of
geometric adjustment that is used, by designating the type
of “pull” any active contour applies. The discussion here is
necessarily brief due to space considerations; for a longer
version, see the technical report [9].

A translationcontour moves the model root segment
parallel to the image plane, using the average difference
between the 2D positions in projected world space (pw) of
each contour pointPpwi and its anchorApw

i .
To compute a rotational adjustment for a given seg-

ment, the world-space positionsPi of each active contour
vertex affecting the segment, and the corresponding local
anchor positionsAi, are converted to the local coordinate
frame of the segment being adjusted. These are then
projected to a plane perpendicular to the desired axis of
rotation. The virtual torque is dependent on the angle
� between these two projected vectors, weighted by the
relative squared distance of the projected anchor from the
segment frame originri. The actual angular change�s
applied to segments due ton active contour vertices is



Figure 4. Adjusting the model to match the active contours:
top, the anchor frame; middle, the next frame before model
adjustment; bottom, after adjustment. Active contours are
shown in dark blue or green; association with segments
in cyan; and displacement between contour points and
anchors in yellow.
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For image-plane rotations, which are most accurately
tracked, the desired axis of rotation is perpendicular to the
image plane. For Euler axis rotations, it would be the
appropriateX;Y; Z-axes.Out-of-planerotations are more
difficult to track, and are discussed elsewhere [9].

The motion extraction is considerably helped, when
the user has positioned the model in a few selectedmodel
key frames, so that the interpolated position of the model is
already reasonably close, in three dimensions, to a good so-
lution. The combination of human and computer produces
results more successfully and faster than either alone. The
use of joint limits to constrain automatic repositioning also
helps restrict motion to reasonable values.

Any segment may be affected by: (1) only active
contour vertices anchored to that segment; (2) by any
active contour vertex anchored to the chain of segments
(supersegment) to which the segment belongs; or (3) by
any contour points distal to the segment. For example, the
left front leg in Figure 3 has snakes that are individually
applied to one segment, while the right has a foot snake
that uses inverse kinematics.

6 Results

We have experimented with a variety of video se-
quences, both humans and animals. Further results,
including animations, can be seen on our web site:
www:cse:ucsc:edu=�wilhelms=fauna.

The horse examples shown here are of a year-old
Arabian foal. We first adjusted the generic horse geometry
for this breed and age, using captured video of the foal
walking. As we had video both from the side and front,
we could easily adjust the geometry in three-dimensions.

We captured the foal walking parallel to the image
plane largely using active contours, with some user ad-
justment. Such motion is relatively easy to capture, the
motion being largely two-dimensional. Figures 3 and 4
show frames from one walk cycle.

Figure 6 shows a foal running free and jumping an
obstacle. The speed of the motion made this difficult for
automatic tracking; however, with user input, a convincing
animation of a complex motion was extracted. Though the
horse is moving at an angle to the image plane, the use of
three model key frames to give a base three-dimensional
motion simplified further adjustment.

Figure 5 shows a horse model including skin in a
jumping pose from the animation extracted from the foal
motion. Our approach for skin animation and mapping
motion to new models is described elsewhere [7].



Figure 5. Adult horse model with skin, from an animation extracted for foal motion.

7 Discussion and Conclusions

We have found that automatic tracking with active contours
is most successful for moderately slow motions and where
the background is relatively simple. Here we challenged
the method with complex, fast, non-planar motion against
non-trivial backgrounds. An improved active contour al-
gorithm, or an alternate feature tracking approach would
be helpful. Segmenting and tracking moving objects is an
active area in the computer vision community; we hope to
avail ourselves of some of their newer methods. However,
for our scenes, we found interactively adjusting the active
contours easy and fast.

We similarly found that user supervision was neces-
sary to extract reasonable three-dimensional motion from
complicated motion out of the image plane. However, we
were able to extract motion that gives the timing and “feel”
of a motion, and is reasonably close geometrically.

The motion extracted needs to be further processed to
remove camera motion, and refined for constraints such as
feet placement on the ground.
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Figure 6. Foal jumping an obstacle, shown at an angle to the image plane.


