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Abstract
Despite leaps in motion capture technology, the di-
chotomy between unencumbered vision-based motion
recovery and the prevailing marker-assisted motion
capture solution remains largely pertinent. This pa-
per bridges the gap by introducing an attachment-free,
full-body motion capture technique that employs multi-
ple high-speed cameras and a customized bodysuit. The
flexible bodysuit allows free movements while providing
marker data for guided reconstruction of pose and mo-
tion. Our method overcomes several practical problems
in existing systems, including long preparation time and
displaced markers. The network of markerized pattern
provides connectivity information and enhances robust-
ness in feature tracking, model matching and 3D recon-
struction.

1. Introduction
As motion capture technology permeates various ap-

plications from biomechanical analysis to animation
synthesis, the promise of uninhibited performance mo-
tion capture—anytime, anywhere—remains a coveted
and elusive goal.

Although widely used in commercial motion cap-
ture, the attachment of retro-reflective markers on the
performer’s body changes the natural or optimal per-
formance of the subject. Furthermore, in some appli-
cations such as underwater recordings, marker attach-
ments are simply not feasible.

Alleviating several of these shortcomings, marker-
less vision- based motion capture approaches are de-
veloped (e.g. [10, 7] presents excellent state of the art
literature survey). These approaches offer economical
non-invasive solutions, at the cost of increased techni-
cal complexity, dimensionality of state space and sen-
sitivity to noise. To make the problem tractable, of-
ten a model-based approach is adopted in which a pri-
ori 3D geometric model is either designed or captured.
Typically, the model geometry is constructed to enclose
the actual subject, which is in turn parametrized to de-
form the geometry. Kinematics constraints are intro-
duced to limit the movements within a natural space.
With this basic set up, the geometry serves the pur-

pose of resolving occlusion and the parametrized artic-
ulation drives the motion of the geometry. The mo-
tion tracking problem is thus reduced to determining
the values of the degrees-of-freedom of the articulated
model. Markerless model-based approaches rely on
the silhouettes or optical flow as a cue to capture mo-
tion. Silhouette-based approaches are computationally
expensive whereas optical flow-based ones are prone to
noise.

These generalized models offer flexibility and can be
easily adapted to different subjects at the cost of inac-
curate regions and joint information. The proposed sys-
tem uses a custom-made markerized grid suit to capture
the motion (Fig. 1). The approach has advantages of
both marker-based and model-based approaches—that
it is non-invasive (no hindrance of body attachments),
economical (consumer-level cameras suffice for moder-
ate speed motions), and is further reasonably efficient
and robust. Efficiency and robustness is achieved by
constructing 3D-wireframe model resembling grid pat-
tern of the suit. Visual features used for motion esti-
mation are the rendered edges of the wireframe model.
The model is simple to parametrize and maintains con-
nectivity between different body parts which is crucial
for resolving occlusion. Moreover, accurate wireframe
model provides detailed body profile with no increase
in computational complexity.

Wireframe model-based edge tracking approaches
are very popular for tracking rigid objects [9]. Early
approaches to rigid object tracking [8, 2] were all edge-
based due to computational efficiency and ease of im-
plementation. Over the years, the basic approach has
been improved upon by incorporating robust estimation
techniques such as M-estimators or multiple hypothesis
approach. More recently, they have been used for track-
ing complex structures [6, 12, 13] in both augmented
reality [1, 15] and articulated objects [4, 5].

The proposed approach is outlined in the following
section while section 3 describes edge tracking algo-
rithm. Motion capture assuming pin-hole camera model
and its extension to articulated structures is presented in
Section 4 . In Section 5 experimental results are given



Figure 1. Selected views of the customized, Lycra, full-body tight suit with the performer in various poses. The actor
performs within a pre-calibrated matrix of video cameras. Background clutter are removed and the contrast between suit’s
base material (black) and its mesh lines (white) is designed to ease identification and tracking. The material of the suit is
lightweight and flexible. Hindrance to the performer’s movements is minimal. With no burden of external attachments,
cabling, accelerometers or battery packs on the performer, the system is designed for minimally-intrusive motion capture.

while Section 6 concludes the paper.

2. Proposed Approach
2.1 Markerized Grid Suit

We propose to use markerized grid suit having tex-
ture pattern as shown in Fig. 1 to provide cheap, com-
putationally efficient and robust approach to human mo-
tion capture. The suit is designed in such a way that
it provides desired contrast for extracting and tracking
edges under varying video acquisition scenarios.

Similar suit-based approach is reported in [14],
wherein high-density mesh pattern has been created on
suit using retro-reflective tape. This approach is neither
cheap nor accurate, as it still used the expensive cam-
era setup for detecting reflective markers and estimated
surface was far from being accurate as there was loose
association between crossings and different body parts.

2.2 3D-Wireframe Model

As opposed to generalized models, we propose to
use 3D-wireframe model, resembling the grid pattern of
the suit, for motion capture. The model is constructed
with the help of saddle points corresponding to line
crossings, which are detected and matched across multi-
ple overlapping views to reconstruct 3D positions. Con-
nectivity between different crosses is established next
to produce the grid pattern. Stick model consisting of
9 rigid parts corresponding to torso, upper arms, fore-
arms, thighs and shanks having 24-DOF is embedded in
the 3D-wireframe model to provide necessary articula-
tion.

3. Tracking Edges
Features used for motion capture are the visible

edges of the wireframe model which are rendered and
tracked from frame to frame. Edge tracking is computa-
tionally efficient as only 1D search is performed along
the edge normal. Here we use edge tracking algorithm
similar to the moving edges (ME) approach of [3].

In the video frame, edges corresponding to sharp
transitions of white patches are obtained by threshold-
ing and thinning. The image so obtained is purely
binary depicting edges/contours without any gradient
information. Normal search direction at a point on
the edge is determined by extracting edge orientation
which is obtained by convolving different 5 × 5 ker-
nel functions Mδ of different orientations, where δ ∈
[00, 450, 900, 1350]. The complete edge tracking algo-
rithm is summarized below:

• At edge point pt in image It, edge orientation is
determined by matching one kernel out of 72 pre-
determined different convolution kernels Mδ .

• Normal direction δ is estimated from the match-
ing kernel. An edge at point pt in image It is
matched to other edge at point pt+1 in image It+1

such that square root of a log-likelihood ratio ζj is
maximized for j ∈ [−J, J ], where J is maximum
allowed search interval.
• ζj is the sum of convolution values computed at
pt in It and at j in It+1

j using kernel Mδ and is
defined as

ζj = Itpt ∗Mδ + It+1
j ∗Mδ (1)

In the last step, mask of same orientation is searched in
the next image to maintain rotational consistency from
frame to frame for robust tracking.

4. Estimation of Motion Parameters
Framework to determine 3D motion parameters from

2D displacements obtained by edge tracking algorithm
of previous section under perspective camera model is
presented in this section. The framework is further ex-
tended to track different parts of human body using
kinematic chain. Motion parameters are estimated in
object coordinate frame.

4.1 Perspective Camera Model
A 3D point Po = (Xo, Yo, Zo)T represented in homo-

geneous coordinate by Ph = (Po, 1)T in object frame



gets projected to a point pi = PcPh in camera frame as:

pi =

xiyi
zi

 =

P11 P12 P13 P14
P21 P22 P23 P24
P31 P32 P33 P34

Ph =

PTc1 P14

PTc2 P24

PTc3 P34

Ph
where Pc denotes the camera projection matrix. Pc1,
Pc2 and Pc3 are vectors corresponding to rows of first
3× 3 matrix of Pc. After normalization, pi is mapped to
pixel p in image plane as:

p =
[
x y

]T =
[xi
zi

yi
zi

]T
.

4.2 Motion Model using Twists
The 3D rigid body motion is parametrized by ro-

tation and translation having 3 DOF each and repre-
sented by G ∈ SE(3). For every G there exists a twist
ξ̂ ∈ se(3), a 4 × 4 matrix with upper 3 × 3 component
as a skew-symmetric matrix. Coordinates of twist are
given by a vector ξ ∈ R6. G can be obtained from twist
by using exponential mapping G = eξ̂.

Assuming a small motion, a point P to at instance (t)
undergoing motion G is related to a point P t+1

o at in-
stance (t+ 1) by:[

P t+1
o

1

]
= G

[
P to
1

]
= eξ̂

[
P to
1

]
≈ (I + ξ̂)

[
P to
1

]
. (2)

After retaining first order terms only, their projection
in image plane expressed in terms of camera matrix and
twist becomes:

pt+1 = pt +
1

PTc3P
t
o + P34

[
QT1

(
−Q1 × P to

)T
QT2

(
−Q2 × P to

)T
]

︸ ︷︷ ︸
W
Pto

ξ, (3)

where Q1 and Q2 are 3-dimensional vectors obtained
from camera projection matrix Pc and current pixel po-
sition pt as:

Q1 = Pc1 − xtPc3 and Q2 = Pc2 − ytPc3.

Above equations describe the change in position of a
pixel pt in terms of twist coordinates ξ and the corre-
sponding point P to in world coordinate frame. Due to
aperture problem, only perpendicular distance between
pixels pt and pt+1 is measurable, hence

pt+1 − pt =

[
ux
uy

]
= WP to

ξ.

For N pixels along the edge/contour, N equations of
the above form are obtained, which are solved using
least squares to obtain twist coordinates. Robust esti-
mates of the motion parameters are obtained by com-
bining equations of the above form from multiple views
into one large equation as all views share the same mo-
tion parameters of a particular body part/limb.

4.3 Kinematic-Chain
Assuming k segments linked with k − 1 joints at-

tached to the object and each joint is described by a
twist ξk then a point Pk on kth segment is mapped to
the point Po in object coordinate by product of expo-
nential map as[

Po
1

]
= eξ̂1eξ̂2 · · · eξ̂k

[
Pk
1

]
.

Substituting above expression in Eqn. 2 and solving
for optical flow, the following equation is obtained after
retaining first order terms only:

pt+1 − pt = WP t
k

[
ξ + ξ′1 + ξ′2 + · · ·+ ξ′k

]
, (4)

where ξ′k is related to ξk by:

ξ′k = Ad
eξ̂1 ···eξ̂k−1

ξk.

Adg is 6 × 6 adjoint transformation associated with g,
which maps velocity of a point from one coordinate sys-
tem to other [11].

5. Results
5.1 Wireframe Model Acquisition

Six synchronized calibrated cameras for internal and
external parameters are used for acquisition of wire-
frame model corresponding to the subject. Line cross-
ings from the grid pattern are located in each view by
preprocessing images with thresholding and thinning
operations. Using triangulation, position of crosses in
3D object frame is found by minimizing forward projec-
tion error. Curves and conics are fitted to these crosses
using CAD modeler to get a wireframe model. The
model so obtained is quite approximate. First row of
Fig. 3 shows rendered wireframe model superimposed
on frames in different views. Red edges corresponds to
model while blue edges represent the actual grid pat-
tern. Edges are thickened for illustration purpose.

5.2 Motion Capture
Performance of the proposed approach is evaluated

by capturing vidoes at 640 × 480 resolution wtih 30

frames per second. Five views are used for motion
capture. Results are presented for synthetic and natu-
ral data. Fig. 2 shows the results for synthetic data, in
which acquired wireframe model is animated for walk-
ing sequence and rendered video is then used for track-
ing. Natural video consists of complex motion in which
subject rotates around principle axis by 90 degrees in 40

frames. Tracking results at various instances in different
views are shown in Fig. 3. In spite of mismatch between
acquired wireframe model and grid pattern, our system
is able to capture the motion. Less mismatch is visible
in case of synthetic example as compared to the natural
one. Currently, arms are not tracked due to inaccuracies
in modeling them.



Figure 2. Results for synthetic walking sequence for frame numbers 1, 18, 46, 67 and 92.

(a) View 1 (b) View 2 (c) View 3 (d) View 4
Figure 3. Row 1: Rendered wireframe model superimposed on edge images corresponding to natural pose. Tracking
results at frames 10 (Row 2) and 40 (Row 3) in four different views.

6. Conclusion and Discussion
Edge tracking approach for tracking/motion capture

of rigid/non-rigid objects is well studied. These ap-
proaches suffer from outliers due to inaccuracies in
edge detection. Proposed approach emphasizes the fact
that inspite of approximate wireframe model, better
tracking results are obtained by carefully designing the
suit to avoid false edge detection and tracking. En-
hanced performance and tracking of complex actions is
possible with accurate wireframe model having more
DOF along with joint tracking of crosses and edges and
outlier rejection technique.
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