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Lecture 2

Observations
Sensors

Body

What is Human Motion?
What makes Human Motion Hard to Analyze?

Surface Motion

Muscle Contractions

Intent

What we 
usually want

What we 
can directly 

measure

What causes 
motion

It’s impossible to kiss your elbow



SurfelMeshVoxel

Surface Representations
Person Specific and Hard to Standardize

What is common about human motion?





This lecture
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Sensors

Body

What is Human Motion?
What makes Human Motion Hard to Analyze?

Surface Motion

Skeletal Motion

Intent

What we 
usually want
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can directly 

measure

What causes 
motion

It’s impossible to kiss your elbow



Uses of Representation
• Communication: With humans and computers
• Analysis: Sample, interpolate, average
• Optimization: Differentiate (or integrate)

Based on a slide by Matt Mason
􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿 Communicatewithhumansandcomputers. 􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿 Operateonpoints,linesandstuff.
􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿 Compose.
􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿 Sample,interpolate,average,smooth.

􀀀􀀁􀀂􀀃􀀄􀀅􀀆􀀇􀀈􀀉􀀊􀀋􀀌􀀍􀀎􀀏􀀐􀀑􀀒􀀓􀀔􀀕􀀖􀀗􀀘􀀙􀀚􀀛􀀜􀀝􀀞􀀟􀀠􀀡􀀢􀀣􀀤􀀥􀀦􀀧􀀨􀀩􀀪􀀫􀀬􀀭􀀮􀀯􀀰􀀱􀀲􀀳􀀴􀀵􀀶􀀷􀀸􀀹􀀺􀀻􀀼􀀽􀀾􀀿􀁀􀁁􀁂􀁃􀁄􀁅􀁆􀁇􀁈􀁉􀁊􀁋􀁌􀁍􀁎􀁏􀁐􀁑􀁒􀁓􀁔􀁕􀁖􀁗􀁘􀁙􀁚􀁛􀁜􀁝􀁞􀁟􀁠􀁡􀁢􀁣􀁤􀁥􀁦􀁧􀁨􀁩􀁪􀁫􀁬􀁭􀁮􀁯􀁰􀁱􀁲􀁳􀁴􀁵􀁶􀁷􀁸􀁹􀁺􀁻􀁼􀁽􀁾􀁿 Differentiate,integrate.



Definitions
Human Configuration

• Configuration: A complete specification of every 
point of a system

• Configuration space: Space of all possible 
configurations

• Skeleton: A configuration of points, linkage 
structure, and limb lengths used to specify an 
articulated system (e.g., a human body).   

Degrees of Freedom
of System

Dimension of the 
Configuration Space=



Configuration Space: 2 degrees of freedom
System: Circle in 2D

X

Y

Configuration of System

R(X,Y ) = {(X 0
, Y

0)|(x� x

0)2 + (y � y

0)2  r

2}

Configuration: A complete specification of every point of a system

(X,Y )2 R2

r



Configuration Space: 2 degrees of freedom
System: Circle in 2D

X

Y

(�X,�Y )

X 0 = X +�X

Y 0 = Y +�Y



Visualization
Configuration Space:R2

X

Y



What applications would require 
such a system for human motion?



Gigapixel Surveillance (DARPA, BAE)
ARGUS-IS

1.8 Gigapixel camera (12-15Hz)
4 lens, 368 5 Megapixel CCDs

Visible Area: ~40 km2





2D Configuration Space
Touchscreen

X

Y



Configuration Space: 3 degrees of freedom
System: Rigid Body in 2D

X

Y

r

Configuration of System
(X,Y, ✓)

✓

R2 ⇥ S1Configuration Space:



Position-angle Configuration Space
Gaze Concurrences

045

046

047

048

049

050

051

052

053

054

055

056

057

058

059

060

061

062

063

064

065

066

067

068

069

070

071

072

073

074

075

076

077

078

079

080

081

082

083

084

085

086

087

088

089

045

046

047

048

049

050

051

052

053

054

055

056

057

058

059

060

061

062

063

064

065

066

067

068

069

070

071

072

073

074

075

076

077

078

079

080

081

082

083

084

085

086

087

088

089

ECCV
#48

ECCV
#48

2 ECCV-12 submission ID 48

(a) Input (b) Output (c) Head-mounted
camera

Fig. 1. In this paper, we present a method (b) to reconstruct 3D gaze convergence
(a) from a collection of videos taken by head-mounted cameras. A camera is rigidly
attached to the head and the camera observes the static structure to localize its pose.

gaze convergences (as shown in Figure 1(b)) from videos taken by head-mounted
cameras (as shown in Figure 1(a)).

Cameras attached to bodies can capture the motion of the bodies by re-
constructing the camera poses in 3D [2]. Particularly, a video taken by a head-
mounted camera as shown in Figure 1(c) encodes the direction of the head. Thus,
the 3D reconstruction of the head-mounted cameras can be used to estimate the
gaze that is aligned with the head orientation if there is no head-independent eye
motion2. A group of the estimated gazes from multiple people merge to form a
gaze convergence if they share attention. By posing the problem in this way, we
reconstruct the 3D gaze convergences by finding the intersections of the gazes
estimated by the head-mounted cameras.

Our system is classified as inside-out systems [7] that estimate gaze orienta-
tion using a camera on the head looking out the environment. It can be compared
with outside-in systems that rely on human body part recognition such as face,
head, and torso, which is captured by the third eye view camera [8–10]. The
outside-in systems use videos that are biased by the specific point of view, which
results in location dependent accuracy. The further people from the camera, the
less accuracy because the head orientation estimation is inaccurate when the
people are shown small in the videos. The space of the capture is limited by
the visible area of the camera. Also, it produces only up to 2.5D gaze conver-
gences if the ground plane is estimated. Our system does not su�er from these
problems. It is not biased by the third eye view cameras because it is generated
by the consensus of the many cameras worn by many people. The space is not
limited as long as the scene can be reconstructed by structure from motion and
it can produce full 3D reconstruction of the gaze convergences without any prior
information such as the ground plane.

2 The head-independent eye motion, i.e., eye-in-head motion, contributes to the local
fast gaze shift (saccade) but once the motion of the fixation point is stabilized, the
eye orientation does not vary significantly from the eye neutral orientation [3–6].
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X

Y
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✓

Rotate by ✓
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to center
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Translate by offset

X

Y

X

Y
Translate to 
the origin

done!



Translate to Origin
System: Circle in 2D

X

Y
(�X,�Y )
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the origin

Rotate by ✓
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2D Rotation Matrix
Expressing 2D Rotations


X 0

Y 0

�
=


cos(✓) � sin(✓)
sin(✓) cos(✓)
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X 0
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Y 0
= X sin(✓) + Y cos(✓)



2D Rotation Matrix
Expressing 2D Rotations
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Translate to Center
System: Circle in 2D
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✓

Translate to 
the origin

Translate back
to center

Rotate by ✓

Translate by offset
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SE(2)
Special Euclidean Group

M = RT
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Properties:
• Preserves orientations and distances
• Commutes
• Invertible



Configuration Space: 2 degrees of freedom
System: Articulated Arm

X

Y

Joint

✓1

✓2

Link 2

Link 1

(✓1, ✓2) 2 S1 ⇥ S1Configuration Space:

End effector

Base



Visualization
Configuration Space:S1 ⇥ S1



Local-Parent-Global Coordinates
Rotations
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Rparent

Mparent

M�1
parent



Local Coordinates
Rotations

X0
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Configuration Space: 4 degrees of freedom?
System: Articulated Arm

X

Y

End effectorJoint

Link

(X1, Y1) 2 R2 (X2, Y2) 2 R2

Base (X0, Y0) 2 R2



Configuration Space: 4 degrees of freedom?
System: Articulated Arm

X

Y

End effectorJoint

Link

(X1, Y1) 2 R2 (X2, Y2) 2 R2

Base (X0, Y0) 2 R2

(X2(t)�X1(t))
2 + (Y2(t)� Y1(t))

2 = l22

(X1(t)�X0)
2 + (Y1(t)� Y0)

2 = l21

distance preservation; prime for special euclidean group stuff



Can we classify types 
of movements of the 

body?



+ - Description

Anterior Posterior Front/Back (Coronal Plane)

Superior Inferior Up/Down (Transverse Plane)

Left (lateral) Right (lateral) Left/Right (Saggital Plane)

Proximal Distal Away from Extremity/Toward Extremity

Superficial Deep Relative

Flexion Extension Decreasing/Increasing angle b/w bones 

Adduction Abduction Toward/Away from Saggital Plane

Proximal vs Distal
Lateral (Coronal)
Axial (Transverse)



Structural and Functional Classification
Biological Joints

Articulations (joints): Point where two or more bones meet. 
Functional connections between bones.

Joints are classified according to the degree of movement 
they permit:
1. Fibrous: Joints held together by ligaments (e.g., teeth, skull). 

Immovable joints (syntharthroses).

2. Cartilagenous: Joints between articulating bones made up of 
cartilage (e.g., spine). Slightly movable joints (amphiarthroses).

3. Synovial: Joints with a joint cavity containing fluid (e.g., elbows, 
shoulders, knees). Freely movable joints (diarthroses).

Fibrous (e.g., teeth), Cartilagenous (e.g., spine), Synovial (most joints)



Types of Movement at Synovial Joints
Synovial Joints

1. Angular: Changes the angle between articulating bones

2. Rotation: Bone moves around an axis

3. Circumduction: Bone describes a conical (360) space

4. Gliding: Gliding between two surfaces

5. Special Movement: Movements that only occur at 
particular joints



Angular Movement
Changes the Angle between Articulating Bones

Source: Weinreb, Anatomy of Physiology



Rotation
Bone moves around an axis

Source: Anatomy of Physiology



Circumduction
Bone describes a conical (360) space

Source: Anatomy of Physiology



Gliding
Gliding between two surfaces

Source: Anatomy of Physiology



Movements that only occur at particular joints
Special movements

Source: Anatomy of Physiology



Biological and Mathematical Systems
Joint Models

Source: Google Images



a. 
b.  
c.  
d. 
e.  
f.  

Classification of Synovial Joints based on Movements
Types of Joints

Types of joints:
1. Hinge: 
2. Pivot:
3. Ball and socket:
4. Saddle:
5. Ellipsoidal:
6. Gliding:

Source: www.teachpe.com

http://www.teachpe.com
http://www.teachpe.com




Can we formalize 
types of movements of 

the body?



Character Posing
Motion Capture File Formats

Many formats: 
• BVH: Biovision
• AMC: Acclaim
• C3D: NIH: Biomechanics, Animation and Gait
• V: Vicon Motion Systems

...



Common Data structure for Body Pose
Hierarchical Structure

Source: Meredith and Maddock, Motion Capture File Formats Explained
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2 Background Information 
 
This section provides a short review of the terminology and notational style that will be used to 
describe the processes involved in reading and processing motion capture data. 
 
2.1 Terminology 
 
The following list outlines some of the more important keywords that will be used to identify and 
describe different aspects of a motion: 
 
• Skeleton – The whole character for which the motion represents. 
• Bone – The basic entity in representing a skeleton.  Each bone represents the smallest segment 

within the motion that is subject to individual translation and orientation changes during the 
animation.  A skeleton is comprised of a number of bones (usually in a hierarchical structure, as 
illustrated in figure 2.1), where each bone can be associated with a vertex mesh to represent a 
specific part of the character, for example the femur or humerus. 

• Channel or Degree of Freedom (DOF) – Each bone within a skeleton can be subject to position, 
orientation and scale changes over the course of the animation, where each parameter is referred 
to as a channel (or DOF).  The changes in the channel data over time give rise to the animation. 

• Frame – Every animation is comprised of a number of frames where for each frame the channel 
data for each bone is defined.  Motion capture data can be captured as high as 240 frames per 
second, however in many applications a rate of 30 or 60 frames per second tends to be the norm.  
High frame rates are used to capture motions that contain high frequency content such as a 
combination of karate actions.  Although in many cases the extra detail cannot be displayed 
during a real-time playback because of maximum refresh rates of display hardware7, it can 
provide useful information for adding motion blurring to the animation or simply for motion 
analysis. 

 
 
2.2 Notation 
 
During the discussion on transforming bones to correctly position and orientate them for an animation, 
matrix arithmetic will be used to demonstrate the motion decoding and displaying algorithms.  The 
nomenclature used when writing matrix expressions is right to left, as illustrated in Equation 2.1 where 
v’ and v are the transformed and original vertices respectfully and M is the transform matrix.  (This 
convention is used over the traditional left to right approach, v’ = vM, because it relates more directly 
to the OpenGL graphics pipeline, where vertices are pushed in after the transforms) 
 

                                                
7Affordable, everyday monitor refresh rates presently max out at about 100hz, and a sustained 60fps 
rate in a modern computer game is considered an excellent mark to reach. 
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Head 

Left Hand 

Right Foot Left Foot 

Right Hand 

 
Figure 2.1: Hierarchical Structure for a Human Figure 
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   JOINT Head 
   { 
    OFFSET 0.000000 2.637461 0.000000 
    CHANNELS 3 Zrotation Xrotation Yrotation 
    End Site 
    { 
     OFFSET 0.000000 4.499004 0.000000 
    } 
   } 
  } 
  JOINT LeftCollar 
  { 
   OFFSET 1.120000 11.362855 1.870000 
   CHANNELS 3 Zrotation Xrotation Yrotation 
   JOINT LeftUpArm 
   { 
    OFFSET 4.565688 2.019026 -1.821179 
    CHANNELS 3 Zrotation Xrotation Yrotation 
    JOINT LeftLowArm 
    { 
     OFFSET 0.219729 -10.348825 -0.061708 
     CHANNELS 3 Zrotation Xrotation Yrotation 
     JOINT LeftHand 
     { 
      OFFSET 0.087892 -10.352228 2.178217 
      CHANNELS 3 Zrotation Xrotation Yrotation 
      End Site 
      { 
       OFFSET 0.131837 -6.692379 1.711456 
      } 
     } 
    } 
   } 
  } 
  JOINT RightCollar 
  { 
   OFFSET -1.120000 11.362855 1.870000 
   CHANNELS 3 Zrotation Xrotation Yrotation 
   JOINT RightUpArm 
   { 
    OFFSET -4.708080 2.034554 -1.821179 
    CHANNELS 3 Zrotation Xrotation Yrotation 
    JOINT RightLowArm 
    { 
     OFFSET -0.263676 -10.428555 -0.061708 
     CHANNELS 3 Zrotation Xrotation Yrotation 
     JOINT RightHand 
     { 
      OFFSET 0.000000 -10.255345 2.178217 
      CHANNELS 3 Zrotation Xrotation Yrotation 
      End Site 
      { 
       OFFSET -0.140882 -6.671274 1.711456 
      } 
     } 
    } 
   } 
  } 
 } 
 JOINT LeftUpLeg 
 { 
  OFFSET 3.910000 0.000000 0.000000 
  CHANNELS 3 Zrotation Xrotation Yrotation 
  JOINT LeftLowLeg 
  { 
   OFFSET -0.441177 -17.569450 1.695613 
   CHANNELS 3 Zrotation Xrotation Yrotation 
   JOINT LeftFoot 
   { 
    OFFSET -0.043946 -17.197315 -1.478076 
    CHANNELS 3 Zrotation Xrotation Yrotation 
    End Site 
    { 
     OFFSET 0.000000 -3.933155 5.233925 
    } 
   } 

Motion Capture File Formats Explained  4 

 

For the remainder of this section both the BVH and HTR file formats are examined in more detail, 
which includes an explanation of both the formatting of the file and the processes needed in order to 
correctly display a given animation.  BVH and HTR formats have been selected for expansion here 
because they tend to be the more common formats used, along with ASF/AMC format8, and a 
successful implementation of both decoders has been achieved.  
 
 
3.1 BioVision: BVH (BioVision Hierarchical data) 
 
The BVH format succeeded BioVision’s BVA data format with the noticeable addition of a 
hierarchical data structure representing the bones of the skeleton.  The BVH file consists of two parts 
where the first section details the hierarchy and initial pose of the skeleton and the second section 
describes the channel data for each frame, thus the motion section.  Illustrations of the base position 
and the first frame of an animation are given in figure 3.1, where the data is listed in figure 3.2.  The 
example BVH file in figure 3.2 will be used to further discuss the BVH file format in the remainder of 
this section. 
 

 
 
HIERARCHY 
ROOT Hips 
{ 
 OFFSET 0.00 0.00 0.00 
 CHANNELS 6 Xposition Yposition Zposition Zrotation Xrotation Yrotation 
 JOINT Chest 
 { 
  OFFSET 0.000000 6.275751 0.000000 
  CHANNELS 3 Zrotation Xrotation Yrotation 
  JOINT Neck 
  { 
   OFFSET 0.000000 14.296947 0.000000 
   CHANNELS 3 Zrotation Xrotation Yrotation 

                                                
8 The format of the ASF/AMC files are expected to be described in a future revision of this document 
as there are plans to implement a decode and encoder for this mocap file format. 
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Special Euclidean Transform: SE(3)
Rigid Body Motion

Euclidean Transformation: All transformations that preserve distances

Special Euclidean Transformation: All transformations that preserve distances and orientations

Translations, Rotations, and Reflections

Translations and Rotations



Rigid Body Motion: A transformation is a rigid body 
motion if it preserves the norm and cross product of 
any two vectors 

Rigid Body Motion
Special Euclidean Group: SE(3)

Group? Invertibility and Composition



World Coordinate to Camera Coordinate (Lecture 2)
3D-3D Transformation
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Rotate about the Z-axis
Rotation in 3D
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Note: I’ve overloaded the use of \phi in these slides. Earlier I used \phi to denote the original orientation. Here I am using it to 
denote the rotation about the Z-axis.



Rotate about the Y-axis
Rotation in 3D

X

Y

✓ 
X 0

Y 0

�
=


cos(✓) � sin(✓)
sin(✓) cos(✓)

� 
X
Y

�

X

Y

Z

✓ 2

4
X 0

Y 0

Z 0

3

5
=

2

4
cos(✓) 0 sin(✓)

0 1 0

� sin(✓) 0 cos(✓)

3

5

2

4
X
Y
Z

3

5

Ry

Note: Y 0 = Y

Note: I’ve overloaded the use of \phi in these slides. Earlier I used \phi to denote the original orientation. Here I am using it to 
denote the rotation about the Z-axis.



Rotation in 3D
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Rotation Matrix Multiplication
Rotation Composition

• Rotations can be composed via matrix 
multiplication

• Rotation compositions are not commutative
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Singularities
“Gimbal Lock”

Loss of a degree of freedom as two axis are aligned



Axis-angle and Quaternions
Representing Rotations

Two popular representations of rotations:
• Axis-angle representation
• Quaternions

Further reading: S. Grassia, Practical Parameterization of 
Rotations Using the Exponential Map, 1999.



Classification of Joints based on Singular Values
Spectral Analysis of Joints
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Common Data structure for Body Pose
Hierarchical Structure

Source: Meredith and Maddock, Motion Capture File Formats Explained
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2 Background Information 
 
This section provides a short review of the terminology and notational style that will be used to 
describe the processes involved in reading and processing motion capture data. 
 
2.1 Terminology 
 
The following list outlines some of the more important keywords that will be used to identify and 
describe different aspects of a motion: 
 
• Skeleton – The whole character for which the motion represents. 
• Bone – The basic entity in representing a skeleton.  Each bone represents the smallest segment 

within the motion that is subject to individual translation and orientation changes during the 
animation.  A skeleton is comprised of a number of bones (usually in a hierarchical structure, as 
illustrated in figure 2.1), where each bone can be associated with a vertex mesh to represent a 
specific part of the character, for example the femur or humerus. 

• Channel or Degree of Freedom (DOF) – Each bone within a skeleton can be subject to position, 
orientation and scale changes over the course of the animation, where each parameter is referred 
to as a channel (or DOF).  The changes in the channel data over time give rise to the animation. 

• Frame – Every animation is comprised of a number of frames where for each frame the channel 
data for each bone is defined.  Motion capture data can be captured as high as 240 frames per 
second, however in many applications a rate of 30 or 60 frames per second tends to be the norm.  
High frame rates are used to capture motions that contain high frequency content such as a 
combination of karate actions.  Although in many cases the extra detail cannot be displayed 
during a real-time playback because of maximum refresh rates of display hardware7, it can 
provide useful information for adding motion blurring to the animation or simply for motion 
analysis. 

 
 
2.2 Notation 
 
During the discussion on transforming bones to correctly position and orientate them for an animation, 
matrix arithmetic will be used to demonstrate the motion decoding and displaying algorithms.  The 
nomenclature used when writing matrix expressions is right to left, as illustrated in Equation 2.1 where 
v’ and v are the transformed and original vertices respectfully and M is the transform matrix.  (This 
convention is used over the traditional left to right approach, v’ = vM, because it relates more directly 
to the OpenGL graphics pipeline, where vertices are pushed in after the transforms) 
 

                                                
7Affordable, everyday monitor refresh rates presently max out at about 100hz, and a sustained 60fps 
rate in a modern computer game is considered an excellent mark to reach. 
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Figure 2.1: Hierarchical Structure for a Human Figure 



BioVision Hierarchical data
BVH
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For the remainder of this section both the BVH and HTR file formats are examined in more detail, 
which includes an explanation of both the formatting of the file and the processes needed in order to 
correctly display a given animation.  BVH and HTR formats have been selected for expansion here 
because they tend to be the more common formats used, along with ASF/AMC format8, and a 
successful implementation of both decoders has been achieved.  
 
 
3.1 BioVision: BVH (BioVision Hierarchical data) 
 
The BVH format succeeded BioVision’s BVA data format with the noticeable addition of a 
hierarchical data structure representing the bones of the skeleton.  The BVH file consists of two parts 
where the first section details the hierarchy and initial pose of the skeleton and the second section 
describes the channel data for each frame, thus the motion section.  Illustrations of the base position 
and the first frame of an animation are given in figure 3.1, where the data is listed in figure 3.2.  The 
example BVH file in figure 3.2 will be used to further discuss the BVH file format in the remainder of 
this section. 
 

 
 
HIERARCHY 
ROOT Hips 
{ 
 OFFSET 0.00 0.00 0.00 
 CHANNELS 6 Xposition Yposition Zposition Zrotation Xrotation Yrotation 
 JOINT Chest 
 { 
  OFFSET 0.000000 6.275751 0.000000 
  CHANNELS 3 Zrotation Xrotation Yrotation 
  JOINT Neck 
  { 
   OFFSET 0.000000 14.296947 0.000000 
   CHANNELS 3 Zrotation Xrotation Yrotation 

                                                
8 The format of the ASF/AMC files are expected to be described in a future revision of this document 
as there are plans to implement a decode and encoder for this mocap file format. 
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Figure 3.1: Skeletal structure of the sample BVH file; (a) base position; (b) first frame of the animation t = 0 t = 1
Source: Meredith and Maddock, Motion Capture File Formats Explained
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   JOINT Head 
   { 
    OFFSET 0.000000 2.637461 0.000000 
    CHANNELS 3 Zrotation Xrotation Yrotation 
    End Site 
    { 
     OFFSET 0.000000 4.499004 0.000000 
    } 
   } 
  } 
  JOINT LeftCollar 
  { 
   OFFSET 1.120000 11.362855 1.870000 
   CHANNELS 3 Zrotation Xrotation Yrotation 
   JOINT LeftUpArm 
   { 
    OFFSET 4.565688 2.019026 -1.821179 
    CHANNELS 3 Zrotation Xrotation Yrotation 
    JOINT LeftLowArm 
    { 
     OFFSET 0.219729 -10.348825 -0.061708 
     CHANNELS 3 Zrotation Xrotation Yrotation 
     JOINT LeftHand 
     { 
      OFFSET 0.087892 -10.352228 2.178217 
      CHANNELS 3 Zrotation Xrotation Yrotation 
      End Site 
      { 
       OFFSET 0.131837 -6.692379 1.711456 
      } 
     } 
    } 
   } 
  } 
  JOINT RightCollar 
  { 
   OFFSET -1.120000 11.362855 1.870000 
   CHANNELS 3 Zrotation Xrotation Yrotation 
   JOINT RightUpArm 
   { 
    OFFSET -4.708080 2.034554 -1.821179 
    CHANNELS 3 Zrotation Xrotation Yrotation 
    JOINT RightLowArm 
    { 
     OFFSET -0.263676 -10.428555 -0.061708 
     CHANNELS 3 Zrotation Xrotation Yrotation 
     JOINT RightHand 
     { 
      OFFSET 0.000000 -10.255345 2.178217 
      CHANNELS 3 Zrotation Xrotation Yrotation 
      End Site 
      { 
       OFFSET -0.140882 -6.671274 1.711456 
      } 
     } 
    } 
   } 
  } 
 } 
 JOINT LeftUpLeg 
 { 
  OFFSET 3.910000 0.000000 0.000000 
  CHANNELS 3 Zrotation Xrotation Yrotation 
  JOINT LeftLowLeg 
  { 
   OFFSET -0.441177 -17.569450 1.695613 
   CHANNELS 3 Zrotation Xrotation Yrotation 
   JOINT LeftFoot 
   { 
    OFFSET -0.043946 -17.197315 -1.478076 
    CHANNELS 3 Zrotation Xrotation Yrotation 
    End Site 
    { 
     OFFSET 0.000000 -3.933155 5.233925 
    } 
   } 
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For the remainder of this section both the BVH and HTR file formats are examined in more detail, 
which includes an explanation of both the formatting of the file and the processes needed in order to 
correctly display a given animation.  BVH and HTR formats have been selected for expansion here 
because they tend to be the more common formats used, along with ASF/AMC format8, and a 
successful implementation of both decoders has been achieved.  
 
 
3.1 BioVision: BVH (BioVision Hierarchical data) 
 
The BVH format succeeded BioVision’s BVA data format with the noticeable addition of a 
hierarchical data structure representing the bones of the skeleton.  The BVH file consists of two parts 
where the first section details the hierarchy and initial pose of the skeleton and the second section 
describes the channel data for each frame, thus the motion section.  Illustrations of the base position 
and the first frame of an animation are given in figure 3.1, where the data is listed in figure 3.2.  The 
example BVH file in figure 3.2 will be used to further discuss the BVH file format in the remainder of 
this section. 
 

 
 
HIERARCHY 
ROOT Hips 
{ 
 OFFSET 0.00 0.00 0.00 
 CHANNELS 6 Xposition Yposition Zposition Zrotation Xrotation Yrotation 
 JOINT Chest 
 { 
  OFFSET 0.000000 6.275751 0.000000 
  CHANNELS 3 Zrotation Xrotation Yrotation 
  JOINT Neck 
  { 
   OFFSET 0.000000 14.296947 0.000000 
   CHANNELS 3 Zrotation Xrotation Yrotation 

                                                
8 The format of the ASF/AMC files are expected to be described in a future revision of this document 
as there are plans to implement a decode and encoder for this mocap file format. 
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Figure 3.1: Skeletal structure of the sample BVH file; (a) base position; (b) first frame of the animation 
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  } 
 } 
 JOINT RightUpLeg 
 { 
  OFFSET -3.910000 0.000000 0.000000 
  CHANNELS 3 Zrotation Xrotation Yrotation 
  JOINT RightLowLeg 
  { 
   OFFSET 0.437741 -17.622387 1.695613 
   CHANNELS 3 Zrotation Xrotation Yrotation 
   JOINT RightFoot 
   { 
    OFFSET 0.000000 -17.140001 -1.478076 
    CHANNELS 3 Zrotation Xrotation Yrotation 
    End Site 
    { 
     OFFSET 0.000000 -4.038528 5.233925 
    } 
   } 
  } 
 } 
} 
MOTION 
Frames: 2 
Frame Time: 0.04166667 
-9.533684 4.447926 -0.566564 -7.757381 -1.735414 89.207932 9.763572

 6.289016 -1.825344 -6.106647 3.973667 -3.706973 -6.474916
 -14.391472 -3.461282 -16.504230 3.973544 -3.805107 22.204674
 2.533497 -28.283911 -6.862538 6.191492 4.448771 -16.292816
 2.951538 -3.418231 7.634442 11.325822 5.149696 -23.069189
 -18.352753 15.051558 -7.514462 8.397663 2.953842 -7.213992
 2.494318 -1.543435 2.970936 -25.086460 -4.195537 -1.752307
 7.093068 -1.507532 -2.633332 3.858087 0.256802 7.892136
 12.803010 -28.692566 2.151862 -9.164188 8.006427 -5.641034
 -12.596124 4.366460  

-8.489557 4.285263 -0.621559 -8.244940 -1.784412 90.041962 8.849357
 5.557910 -1.926571 -5.487280 4.119726 -4.714622 -5.790586
 -15.218462 -3.167648 -15.823254 3.871795 -4.378940 22.399654
 2.244878 -29.421873 -6.918557 6.131992 4.521327 -18.013180
 3.059388 -3.768287 8.079588 10.124812 5.808083 -22.417845
 -15.736264 18.827469 -8.070700 9.689109 2.417364 -7.600582
 2.505005 -1.625679 2.430162 -27.579708 -3.852241 -1.830524
 12.520144 -1.653632 -2.688550 4.545600 0.296320 8.031574
 13.837914 -28.922058 2.077955 -9.176716 7.166249 -5.170825
 -13.814465 4.309433  

 
Figure 3.2: Example BVH file 

 
The hierarchical section of the file starts with the keyword HIERARCHY, which is followed on the next 
line by the keyword ROOT and the name of the bone that is the root of the skeletal hierarchy.  The 
ROOT keyword indicates the start of a new skeletal hierarchical structure and although the BVH file is 
capable of containing many skeletons, it is usual to have only a single skeleton defined per file. 
 
The remaining structure of the skeleton is defined in a recursive nature where each bone’s definition, 
including any children, is encapsulated in curly braces, which is delimited on the previous line with the 
keyword JOINT (or ROOT in the case of the root bone) followed by the name of the bone.  With the 
introduction of a left curly brace it is good practice to indent the bone’s content (with a tab) and align 
the closing curly brace with the corresponding opening one.  The bone names identified by the prefix 
JOINT or ROOT are not referenced again in the file and hence redundant, however some parses (for 
example Character Studio R2.2 [Max]) require a bone name in order to correctly parse the file.  
Furthermore, although the hierarchical indentation is not absolutely necessary, it does assist in making 
the file more readable for humans. 
 
Within the definition of each bone, the first line, delimited by the keyword OFFSET, details the 
translation of the origin of the bone with respect to its parent’s origin (or globally in the case of the root 
bone) along the x, y and z-axis respectively.  The offset serves a further purpose of implicitly defining 
the length and direction of the parent’s bone, however the problem with this is in defining the length 
and direction of a bone that has multiple children.  Normally a good choice for determining the bone 



Articulated Systems
Discussion

• Difference between motion produced by 
mathematical models and biological joints

• Parameterizations: Balance between 
expressiveness and tractability

• Detail of Parameterization
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