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10.1 Introduction 
The need for character animation in virtual worlds such as the ones used in Virtual Storytelling 
requires the combination of two properties. On the one hand, the characters motions must be easily 
controllable by an animator (in an artistic sense) in order to provide a high degree of control over the 
final result. This is generally achieved by using Motion Captures (mocaps) which reproduces on a 
virtual actor the movements recorded from a real actor. Another way to acquire such motions is to 
design them “by hand” using a 3D package such as MAYA or 3DS MAX. A calculated risk is then 
that the motions have to be applied on characters with a different morphology than the ones they were 
designed for, and still have to interact with their environment. This automation requires the use of 
procedural techniques such as Motion Editing , Inverse Kinematics (IK), etc. 
 
Two families of techniques are currently available to combine data based motions (such as mocaps) 
with procedural techniques. The first one (hereafter named Local Editing Techniques) processes the 
original motion, frame by frame. The second one, generally named Spacetime Optimisation, 
considers the whole animation segment as a single event with a given number of constraints (which 
represent the modifications available to make to the motion) and an objective function (generally the 
resemblance with the original motion, or a new property in the final motion such as the minimization 
of the energy spent during the motion). Solving this problem in real-time for a character such as the 
ones used in virtual worlds is not currently feasible due to the size of the problem (generally several 
hundreds of scale variables to optimise).  
 
This state of the art report focuses on real-time character animation techniques, and thus considers 
only the first family of methods. The remaining is organized as follows: the first section presents the 
character animation basics, and more particularly the structure of characters and animations. Section 2 
describes Inverse Kinematics and the different way it can be solved. Section 3 shows how local 
animation techniques are employed to adapt a motion to another actor or to constraints in the 
environment. Section 4 describes existing locomotion methods that adapt a cyclic motion to the 
character’s environment. Last section shows a comparison of existing character animation toolkits, 
plugins or stand-alone applications. 
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10.2 Modelling 

10.2.1 Character Modelling  
In most animation systems a character is defined as a hierarchical set of bones (Skeletal Animation). 
The root bone of the hierarchy holds 6 DOFs, 3 for the translation and 3 for the rotation. Other bones 
are rotational only with up to 3 DOFs. Human joint limits can be defined for each bone. Secondary 
motion such as skin, clothes and hair simulation are added later in the animation pipeline, 
independently from the skeleton animation module.  
 
Skeletal animation is generally combined with skinning techniques to render the skin, hair and clothes 
of the characters. During the authoring phase, user assigns to each vertex of the skin some affecting 
bones, chosen among the bones of the character. Software packages enabling to create custom 
characters generally come with skinning tools that assist the author during this task. This is typically 
the case of  the DISCREET’s Physique modifier (from Character Studio) that comes as a plugin of 
3DS Max. 
Other packages or middlewares such as VEGA DI-Guy or KAYDARA HumanIK don’t support the 
creation of additional characters, and don’t need such a feature. 

 

 
(1)  

(2) 
Figure 1: Character skinning using the DISCREET Physique modifier in 3DS Max.  

 
The main flaw of this skeletal representation is that it excludes some important aspects of the character 
from the animation system, mainly its mass from which the exact location of its interaction spots 
depend. To correct such a lack, additional information must be provided during the authoring of the 
character. DISCREET’s Character Studio makes it possible to fine tune the character’s feet placement 
so that it walks exactly onto the floor. Users can also defines the body center of mass that may affect 
the synthesized motion. The V-Man toolkit lets the user add as many interaction spots as needed, 
provided that five of them must necessarily exist (position and orientation of the hands, balls of the 
feet, and sitting). These are used during the runtime adaptation of a motion to the interaction with an 
object. In ALIAS MotionBuilder, lots of extra-information can be provided to the system to configure 
the character animating system (more particularly the associated constraints) to enhance the generated 
motions. 
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(1) 
 

(2) 

 
(3) 

 
(4) 

Figure 2: (1) A character's hand interaction spot in CS V-Man. (2)Placement of the character’s centre of 
mass in DISCREET Biped. (3) (4) Placement o the feet markers in ALIAS Motion Builder. 

10.2.2 Animations  
In the search for techniques to produce credible animations, we believe that only motion capture based 
techniques offer sufficient realism and performances to be used in an industrial context. Indeed, the 
use of purely procedural methods, whether kinematics or via controllers that enforce physical realism 
([10] [2] [13] [20]), not only doesn't necessarily produce visual realism, but also make the resulting 
motion hard to control while being sometimes CPU consuming. Even if the motion can be fully 
controlled with a set of intuitive parameters, it remains difficult to give the motion a particular look 
and feel. Only motion capture1 provides the user with a real feeling of the movements.  
 
Two families of hardware cohabit the domain of motion capture. The first one uses the perturbations 
induced by the sensors in a magnetic field created by an emitter to capture their position and 
orientation. The acquisition process is quite fast as it is possible to visualize in real-time the position 
and orientation of each sensor. This ease of use makes the system act almost like virtual puppetry. The 
main problem of these systems comes from magnetic perturbations that often introduce some 
discontinuities in the captured motions and makes it impossible to use them directly. Motions must be 
filtered first, but this extra processing may sometimes render them unrealistic. A second major 
problem is that the capture zone is quite small, and prevents from recording some kinds of motions 
(notably sport activities).  

                                                           
1 or handmade animations with a commercial animation package such as Softimage, 3DSMax. 
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Figure 3: The electro-magnetic MotionStar Motion Capture system from Ascension. 

 
The second type of motion capture hardware is based on optical recognition. The actor holds several 
sensors which position and orientation are tracked by cameras surrounding him. With that system, 
information can not be acquired in real-time; data provided from the different cameras must be 
correlated in order to reconstitute the motion. The main advantage of these systems lies in their 
precision: as opposed to magnetic systems, motions captured via optic systems do not need to be 
filtered before being effectively used. 
 

 
Figure 3: A passive-marker based optical motion capture system (image from the Pyros studios). 

 
An efficient way to generate on-line plausible animations is to use physics simulation. Although this 
method is not well suited for living characters as they generally act according to internal forces that 
can not be simulated, there are several cases where dynamic simulation can produce very interesting 
results: for non-living characters of course, but also for wounded body parts, or even to simulate the 
end of a high-energy motion (such as a jump) taking into account the collision detection and other 
simulated objects. In this latter case, the simulation parameters are initialised with the position and 
velocities of the character’s parts at the end of the motion. 
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Figure 3: An animation generated in real-time using dynamics simulation. The simulation has been started 

while the character was running 

10.3 Inverse Kinematics 
Inverse Kinematics (IK ) is the most intuitive way to edit the spatial configuration (pose) of a 
character’s skeleton. The basic problem of IK is generally expressed as follows: given a series of 
hierarchical bones linked together (IK chain ) and a goal position and/or orientation, which is the best 
configuration (i.e. the bones rotation) that makes the end-effector (last bone of the chain) match the 
goal? This problem can be extended with additional constraints or objectives: angular constraints on 
the bones rotation, bones stiffness, secondary goal for specifying the ideal configuration, etc. 
 
Solving this problem is not straightforward and can be addressed in several ways. Some methods solve 
it analytically but this is restricted to specific problems with less than 7 DOFs [15], and are hence 
restricted to very specific problems with a particular kinematics chain having 3 joints with 3 DOFs / 1 
DOF / 3 DOFs. This is the case of a simplified modeling of a human arm or leg. A second approach is 
to write the problem under a matrix form and to solve it using pseudo-matrices inversion. This kind of 
technique is very powerful as it enables to give a secondary goal to the solver. The last type of 
technique models IK as an optimisation problem and solves it using a minimization algorithm. This is 
the most generic method as it does not rely on the fact that the problem is an IK problem. Using this 
kind of technique, it is possible to extend the problem to much more general ones: adding extra 
constraints of any kind, adding other goals, etc. A very important point when using these techniques is 
to define the right position and orientation measures; although this is easy for the position as it only 
requires to use a simple distance measure in an Euclidian space, it can be much more difficult to find a 
good orientation measure. Finally, position and orientation measure must be normalized to prevent the 
system from prioritising position or orientation. A second very important step in such techniques is of 
course the choice of the optimiser. Recent works generally rely on SQP (Sequential Quadratic 
Programming) techniques, that consist of approaching the generic functions and constraints to 
optimise with quadratic functions in order to solve them using quadratic programming. Recently, an 
hybrid method has been proposed that uses a dedicated optimisation algorithm. This technique is 
called Cyclic Coordinate Descent (CCD) [16]. 
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Figure 4: A 7 DOFs IK chain corresponding to the kind of configuration an analytic solver can solve. 
 
Most recent character animation packages generally comes with an advanced IK system, capable of 
dealing with multi-chain structures, such as a human body. Most of them are even specialized for 
humanoid structures. With such a tool, it is possible to setup a realistic character’s pose very quickly 
by directly moving a few effectors instead of modifying each bone rotation. End-effectors can 
generally be constrained in position and/or orientation, and some systems can use center of mass or 
geometrical information to keep the pose realistic (with the respect of the general balance for 
example). 
 

 
(1) 

 

 
(2) 

Figure 4: (1) Pose definition using ALIAS Motion Builder’s Inverse Kinematics system. (2) Using the 
HumanIK system to set-up a character’s pose. The right hand is pinned while user drags the left hand 

towards the ground. 
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10.4 Local Editing 
Local editing of character animations sequences is mainly based on the application of inverse 
kinematics to each frame of the motion. Apart from the IK solver used, the different techniques differ 
from the way IK goals are specified and from the domain of use.  

10.4.1 Retargeting 
A first major use of local editing techniques is the retargeting of existing motions to a character 
morphology which differs from the one it was captured on. This is generally simply called 
retargeting. Indeed, applying a motion to a new character is not as straightforward as it seems: if the 
joints angles are mapped directly, the feet might slide on the floor and the hands may not reach the 
same relative position as in the original motion (this second part is generally not a problem since it 
does not introduce visual artefacts). The motion sequence can be corrected by adding geometric 
constraints that make the feet follow the same relative trajectory in both motions.  
ALIAS Motion Builder proposes a complete retargeting system based on geometric constraints. Users 
can configure more than a hundred parameters that define constraints to be applied during the motion 
mapping between the actor (container of the motion) and the character’s skeleton (structure onto 
which the motion must be mapped). In CS V-Man, the end-effectors trajectories define a new IK 
problem for each frame, which are solved independently. In addition, this trajectory takes into account 
the relative height of the character to scale the movements accordingly. That way, the same walk 
motion applied to a child and to an adult will produce exactly the same visual result with smaller steps 
for the child, without any foot skating on both moves. 
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(1) 

 
(2) 

Figure 5: (1) Edition of the retargeting parameters in ALIAS Motion Builder. (2) Retargeting a motion in 
CAT. 

10.4.2 Constrained Blending 
The generation of seamless transitions is a second domain where local editing techniques can be very 
handy. Making a transition between two motions is generally achieved by blending together the two 
motions using ease-in/ease-out functions to pass from one motion to another. Most animation 
packages handle blending that way, but this technique suffers a major problem which is that some 
spatial properties of the two original motions might be lost during the transition; even if a foot doesn’t 
slide in any of both motions, it could slide during the transition due to the blending process. To 
prevent this, a geometric constraint may be added that prevents the foot from sliding during the 
transition. Some systems (CAT, Motion Builder, V-Man) use the concept of ‘pivot point’ or ‘pivot 
foot’ to precisely define the part of the skeleton that must be constrained (generally to the floor) during 
the transition. The constraint created by the pivot point is generally enforced using Inverse 
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Kinematics. Some system go further in the automation by computing in runtime the location of the 
pivot point. This is especially handy for middleware systems used in real-time where users can’t 
correct and configure the synthesized motion by successive tries; this real-time constraints calls for the 
computed transitions to be realistic even without user intervention. 
 
 

 
 
 

(1) 
Figure 6: Placing the pivot point in CAT.  

10.4.3 Editing 
In virtual storytelling applications, virtual characters very often need to interact with their 
environment. A typical case is when a character needs to open a door. There will be no problem if the 
corresponding “door opening” animation was designed exactly for this type of door and that the 
character is at the same relative location from the door at the beginning of the motion as in the original 
motion. However,  this is generally not the case: not only is the character generally not at the same 
exact location, but also objects are likely to be different from the ones the motion were designed for. 
Hence, motions needs to be adapted in real-time, for example to make the hand touch the handle 
whatever the door used. 
Warping an existing motion so that it enforces new  or different constraints than the one of the original 
motion is a problem actively studied. However, most solutions are based on spacetime optimisation 
techniques, which are not currently usable for real-time purposes due to their heavy computation 
times.  
A classical real-time solution is exposed in [1Bis]. The idea is to adapt a kinematics motion subject to 
some geometrical constraints. In the article, the motion of an arm defined by forward kinematics is 
adapted to enforce a non-penetration constraint in a semi-space defined, for instance, by a plane. Each 
frame of the animation is modified using Inverse Kinematics with a secondary goal that aims at 
respecting the initial motion. The solver is set-up with the previous frame as initial solution to 
guarantee that the motion remains quite continuous. The lack of coherency is often the main flaw of 
such techniques as each frame is computed independently without taking into account the whole 
motion. 
This low-level technique is very well suited to character / object interaction. The initial motion may be 
the motion captured movement, that defines the reference motion a character would do without any 
constraint. Geometrical constraints are defined by the configuration of the object and the morphology 
of the actor who interacts with it. In [8bis], Kallman introduces the concept of Smart Object. Such an 
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object defines the interaction existing on an object and how they can be performed. This high-level 
notion can easily be coupled to the low-level motion adaptation technique described previously in 
order to provide a complete object/character interaction mechanism.  
An even better interaction can be provided if the constrains existing in the original motion are 
automatically  detected and enforced in the generated motion. The technique described in [1] detects 
the character/object constraints by computing the distance between some points specific of the 
character  and the object it interacts with. Using this information, the motion is warped to enforce the 
same constraints with different parameters. 
 

 
Figure 7: An example of motion adaptation [5]. Characters of different size take an object. Their interaction 

point is defined by the object location. The cones are the footsteps location. 
 
 

10.5 Locomotion Systems  
Locomotion is one of the most essential tasks for virtual characters. Therefore, providing means to 
generate a walk, a run, or any other style of motion is indispensable to any serious character animation 
system, whether it is used in runtime or offline. Whereas several techniques exist to produce realistic 
motions, special attention has to be paid to the particular purpose of adapting the motion of a character 
following a path to its constraints (i.e. the trajectory, the environment, etc.). This technique is called 
path editing. 
  
The idea of path following motion using local processing techniques such as inverse kinematics is not 
new either and has been widely studied ([4] [7]. A comprehensive survey can be found in [11]). Per-
frame methods, such as the one we decided to use, often lack coherence in time because they can 
introduce discontinuities in the motion due to the local nature (in time) of the inverse kinematics 
solver. The motion signal can be filtered to correct these flaws but without any realism guarantee. A 
complete study of per-frame methods with or without filtering can be found in [6]. 
 
Most animation systems offer the possibility to generate an animation from a given path. The most 
basic systems such as DI-Guy don’t warp the reference locomotion motion (that must be cyclic to 
provide a minimum quality). Only the root joint position and orientation are edited to follow the 
constraint created by the path curve. This simple technique generally creates animations of very poor 
quality: feet slide when the path turns right or left, and the motion is not adapted to uneven terrains 
such as stairs.  
For this reason, other systems use a more complex technique to generate path animation: the cyclified 
motion is constrained by the location and orientation of footsteps, generally placed onto the floor. The 
motion generation is done in two phases: a first algorithm generates the footsteps series along the user 
path. A second algorithm warps the reference motion so that it enforces the constrains created by the 
footsteps. 
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10.5.1 Footsteps Generation 
The footsteps are most often generated along a path drawn by the user or computed by a path-finding 
algorithm. Some systems make a re-parameterisation of the path to prevent the motion from going 
faster when the path turns. All the systems are able to project the path onto the floor using either an 
altitude function that can be freely defined by the user (this is generally the case in middleware 
libraries such as DI-Guy or V-Man) or by intersecting the geometries defining the floor. 
All the systems offer the possibility to directly create footsteps without using a path. 
 

 

 
(1) 

 
(2) 

 
(3) 

Figure 8: (1) A footsteps series generated by hand in DISCRET Biped. (2) A series of footsteps generated 
along a path in CAT. (3) The same series of footsteps after it has been snapped to the ground. 

 

10.5.2 Motion Synthesis 
Two techniques exist to produce a motion meeting a series of footsteps constraints. The first one aims 
at modifying the parameter of a parametric motion. The second one adapts a data-driven motion 
(generally acquired by motion capture) to the footsteps constraints. 

Parametric Motion Warping 
Some character animation systems (CAT, Biped) use a parametric definition of the motion. This 
means that the library of available motion is necessarily restrained; generally, users can only choose 
between walk and run motions. The motion is defined by a set of parameters (step size, arm swing 
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value, etc.). These parameters are edited in runtime depending on the position and orientation of the 
footsteps the virtual character is currently using. 
The advantage of such systems is that the motion adaptation is made very easily. Moreover, it is easier 
to ensure the stability of the computed motions since the process does not use imported data. 

Data-Driven Motion Warping 
Previously described systems have two major flaws: the parametric motions often lack expressiveness, 
and it is very hard for the animator to control the motion in an artistic sense. A more flexible method 
(used for example in the V-Man toolkit) is to use a cyclified motion that will serve as a model. This 
motion is then warped in order to enforce the footsteps constraints. Before being adapted, the motion 
is generally analysed to detect the properties of the reference motion. These properties (support time 
and duration, relative position of the footsteps, …) are kept during the motion synthesis phase. 
This type of method that adapts an existing motion provides the user with a much more flexible way of 
creating animations. Any kind of motion, provided that it respects some predefined rules, can be used 
as reference motion. However, this method does not guarantee that the computed motion will be 
coherent; some artefacts can appear if the reference motion has not a sufficient quality. 
 
 

 

 

Figure 8: (1) Synthesis of footsteps based motion: the walk motion is warped so that the character places its 
feet on each footstep. (2) Motion path adaptation using local editing and filtering [7]. A walk motion is 

adapted to follow a user defined path. 
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10.6 Comparison Chart 
 
   Feature 
 
 
Product 

Runtime 
Library 

OS Supported 
3D 

Engines 

Freely 
Extensible 
to Other 

3D Engine 

Supports 
Additional 
Characters 

Supports 
Additional 
Animations 

Path 
Animation 

Retargeting 
to Other 
Skeleton 

IK 
Solver 

Animate 
sub-

skeleton 
parts 

Blended 
Transition 

Blended 
Motion 
Layers 

Character 
Object 

Interaction 
Editing 

Price 

Motion 
Builder 

No - - - Yes Yes  Yes 
(100+ 

parameters) 

Yes Yes Yes Yes No €3,875 

CAT No - - - Yes Yes Parametric 
Motion 

Adaptation 

Yes Yes Yes Yes Yes No $995 

Character 
Studio 

No - - - Yes Yes Parametric 
Motion 

Adaptation 

Yes Yes Yes Yes Yes No $995 

DI-Guy Yes Win32 
IRIX 
Linux 
Solaris 

OpenGL 
DirectX 

Vega 

No No No Simple 
Path 

Following 

No No Only hand, 
head and 
whole-
body 

Yes No No $9,000 

V-Man Yes Win32 
Linux 
IRIX 

Vertigo 
OpenGL 

Performer 

Yes Yes Yes2 Data-
driven 
Motion 

Adaptation 

Yes 
(2 

parameters) 

Yes Only upper 
and lower 

body 

Yes No Yes €1,000 

CAL3D Yes Win32 
IRIX 

 Linux 
MacOS 

X 

OpenGL 
DirectX 

Yes Yes Yes2 No No No Yes Yes Yes No LGPL 
License 

                                                           
2 Must be exported in native format  
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10.7 Conclusion 
Character animation for virtual storytelling makes an extensive use of motion capture. However, 
motion capture alone is far from being sufficient when blending or interaction is involved. Warping 
existing motions by adding constraints allows the combination of both user control and automation, 
leading to high quality and visually realistic motions. Used in real-time, these techniques generally 
rely on local editing techniques which are implemented above an inverse kinematics solver.  
 
These algorithms, that can take into account only spatial constraints (as opposed to temporal ones) are 
not as powerful as space-time optimisation that can handle any kind of constraints. This ensures a 
much better coherence of the resulting motion as well as a wider range of editing capabilities. With 
such techniques, it is possible for example to warp a walk motion so that the hand of the character 
touches an object with a minimal modification of the original motion (the time of interaction being left 
at the appreciation of the system), or to enforce the laws of dynamics. However, there is no doubt that 
local editing will stay for a long time the only technique conceivable for real-time purposes. 
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