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Abstract

With the availability of a�ordable motion capture solutions, like the Microsoft Kinect, live data�
driven control of a virtual character has become more relevant. In order to provide both intuitive
control of a virtual biped, as well as grounding that character in the virtual environment, we pro-
pose a system for real�time control of a physically plausible virtual biped using the Microsoft Kinect
sensor. In order to deal with the varying skeletal dimensions present in Kinect data, we propose an
inverse kinematics based real�time data processing method, which avoids positional errors of the
limbs in the virtual character, while maintaining the pose present in the Kinect data. In order to
allow for arbitrary in�place motions to be performed by the physically plausible character without
losing balance, we combine proportional derivative controllers with a simple balance strategy that
controls the center of mass of the character by rotating the ankle joints. Experimental results
show that with a limited range of balanced in�place motions, our system is able to reproduce these
motions with the physics simulated character in close to real�time. Our system achieves this using
solely physically plausible internal torques and using the Kinect data stream as its only motion
data input.

Keywords: real�time human character animation, Microsoft Kinect, motion capture, data�driven
control, physically based animation
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1 Introduction

With a�ordable consumer hardware capable of live markerless motion capture, like the Microsoft
Kinect or the Asus Xtion, a lot of research has gone into �nding novel and valuable uses for the
motion data generated. Examples are the use of the Kinect for physical rehabilitation [CCH11]
and gesture recognition [LKI12]. One intuitive use can be found in controlling the movement of
a virtual character, by tracking the movement of the person in front of the sensor, from now on
referred to as the user, to a virtual biped. However, allowing a user to perform any motion, means
the virtual character will have to be able to react naturally in a virtual environment, regardless of
its motion. Even in the simplest virtual environment, like an in�nite �at �oor, a random motion
can look disconnected from this environment. For instance, when a characters feet are not �rmly on
the �oor during the motion. Physics�based animation allows a virtual character to track a motion
whilst staying grounded within the environment, by interacting with it using plausible physical
collisions and forces.

There are several ways for a physically simulated character to use forces and torques to track
a reference motion [GP12]. There are two types of forces: external and internal forces. External
forces are a result of an interaction with the virtual environment, or are arti�cially applied to the
physics character to control it. In the latter case the force is not physically correct, as there is
no counteracting force acting on the virtual environment. Internal forces are de�ned as the forces
resulting from the movement or limits of the joints of the physics character. An example of this is
the use of torques applied to body parts to simulate muscle activation, resulting in the bending of
a joint.

Many approaches use physically inaccurate external forces to track the reference motions or to
assist in positioning and balancing the character within the virtual world [LZ11] [SH12]. Restricting
the method to only use internal torques applied to the joints, gives a physically plausible simulation.
Additionally, the virtual character has an unprecedented freedom in showing physically grounded
motions. For instance, it could lose its balance as a result of some motion or external perturbation
and fall over. Depending on the application of this kind of approach, the fact that the reference
motion is only loosely tracked, can either be a bene�t or an issue.

An application has to handle the unpredictable behavior. If it does, bene�ts can be found in this
dynamic and real�time control of a virtual character. An example of this is a video game where the
player has to �ght other characters, pushing them over without falling over himself. This way, the
application uses the physically grounded motion control as a game mechanic. Another example is
simulating weightlessness, where a virtual character experiences zero gravity, and the user controls
that character in its interactions with the environment. In this scenario use of external forces to
control the character would invalidate the simulation. Therefore, restricting the character control
to internal torques, is a requirement for an application like this.

From these applications, we de�ne the following goal for our system: to perform intuitive real�
time in�place control of a physically plausible virtual biped using consumer grade video�based motion
capture hardware.

We elaborate this goal further by noting the aim is to `intuitively control' a virtual character,
which means the aim is not to animate the virtual character realistically. Therefore, faithful
recreation of the `performance' of the user, as is the aim with motion capture animation, is neither
required nor targeted by our system. Instead, merely having the movements of the virtual biped
logically follow the movements of the user is su�cient, as that is an intuitive means to control a
virtual character.

Additionally, the term `physically plausible biped' is used to describe a physically simulated
virtual character that moves solely using internally consistent torques applied to the joints of the
character, analogous to muscles contracting resulting in movement. Speci�cally, this means that
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external forces on the character can only come from interactions with the environment, and cannot
be applied to the character arti�cially. These arti�cial forces control a physics character like a
puppet and are commonly used in order to simplify control and balance [GP12]. However, we
emphasize physically correct character control over simpli�ed control, and therefore disallow these
arti�cial external forces.

Note also that our goal for the system does not specify the shape of the virtual character, other
than that it is a biped. Our system allows for the morphology of the character to change, though
not necessarily in real�time. Our system allows for control of the virtual character during in�
place motions. This both simpli�es the problem by not taking into account locomotion, as well as
allowing the system to work within the limited capture range of a popular consumer grade motion
capture system, the Microsoft Kinect [Mic13]).

We also note that some of the above subgoals, like intuitive control and variable morphology,
require a highly adaptive system. This leads us to introduce another requirement for the system,
which is that it cannot rely on existing motion data. An example of using existing data is to
combine real�time motion data with a matched motion from a pre�processed motion database.
This is not uncommon for these types of applications [LZ11] [SH12]. This requirement has an
added bene�t, because it means a motion database does not have to be constructed and the only
motion data used is a single data source, either real�time or pre�recorded. This leads to the last
subgoal of our system, which is that the movement control can be performed in real�time. This
means all subsystems, from the data processing to the physics simulation, should handle at least
30 frames of motion data per second, which is the rate at which the Microsoft Kinect generates
motion data [Mic13].

The previously mentioned markerless motion capture techniques rely on analysis of a depth
image to determine spatial information about the body parts of the person in front of the sensor.
The single perspective of the sensor means that body parts can be occluded or out of frame, and
the image analysis results are less accurate than with a motion capture technique using markers.
These drawbacks can result in missing and imperfect pose data [OKO∗12]. Fortunately, since
the emphasis of the method is on the control of a virtual character, the target motion is not
required to be visually plausible. In cases where the sensor is not capable of returning accurate
pose information, control by the user is limited. Because the sensor data is the only data source
used, this limit is inherent to the chosen approach.

There are also systematic issues with markerless motion capture data that require solutions for
our system to be useful. The �rst issue is that the Kinect sensor returns the absolute positions of
a set of joints. The depth image analysis that returns this data does not enforce a �xed distance
between adjacent joints in the skeletal structure. So even when the pose data is not missing, the
measurements of the skeleton can di�er between subsequent frames [OKO∗12]. Figure 1 shows
length di�erences between the left and right legs and arms during a leaning pose, when viewing the
absolute joint positions on the right. Note the gap between the right hip joint and right upper leg,
compared to the left leg. The Kinect SDK [Mic13] includes functionality which uses the relative
positions of joints to calculate the orientations of the joints. The left character shows the e�ect of
the length di�erences when applying the data as joint orientations to a skeleton with �xed length.
We observed the feet are on the ground in the original data on the right, but the left character has
one foot in the ground and the other above it. In order for the target pose of the virtual character
to have both the visual signature of the input data, as well as prede�ned skeletal measurements, an
inverse kinematics (IK) approach can be used that combines tracking of a few essential end�e�ector
positions with tracking of the joint orientations representing the pose.

Kinect data can be used on a virtual biped with a similar skeletal structure, but not an identical
morphology, as that information is not provided by the sensor. We observed these inaccuracies
inherent to the Kinect data, and saw that controlling a physics simulated character using this data
resulted in balance issues during idle or in�place motions. So at least for the �rst application
described above, a balance strategy is needed in order for the virtual character to remain balanced
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Figure 1: Right: spheres representing the joint position data returned by a Microsoft Kinect Sensor,
with �xed size boxes representing the bones connecting the joints. Left: the same pose expressed
in joint orientations, with the distance between joints determined by the same �xed size skeleton.

while performing a motion. The center of mass (COM) of the virtual character is entirely dependent
on its morphology, therefore the balance control needs to correct the target pose of the character to
both be faithful to the input data and to ensure the COM is positioned above the feet for increased
balance.

These issues and solutions provide the main structure of our approach, which centers on a
damped least squares (DLS) IK implementation to solve the issues of the Kinect motion data. It
smoothly tracks �ve joint positions using a manually tuned damping factor, and projects all joint
orientations in the input data onto the null�space of the Jacobian matrix used in the IK method.
The latter allows for the pose to be tracked without interfering with the end�e�ector tracking. The
resulting kinematic target pose is tracked by the physics character using PD�controllers, except
for the ankle joints. The orientation of those ankle joints is continuously adjusted by a simple
balance strategy, ensuring the COM of the character is positioned above the feet. We will show
that this approach is suitable for control of the physics character during a range of arbitrary in�
place motions, limited only by the inability of the balance strategy to keep the character upright
during some less stable movements.

Thesis outline In the next section (2), related work is discussed, focusing on on�line control of
a physics simulated character. Section 3 contains a schematic overview of our method, followed
by a detailed motivation and explanation of the method. In section 4 the experimental setup,
experiments and results are described and elaborated. The last section (5) is a discussion, analyzing
the experimental results and suggesting future work that could complement our method.
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2 Related Work

Our work builds on the rich �eld of physics based character animation. Speci�cally, we build
on work in the �eld of on�line control of a physics simulated biped. Recently, the availability of
consumer grade motion capture solutions like the Microsoft Kinect sensor makes on�line control
of a virtual character more accessible. Applying these new motion capture systems to a physics
simulated character could allow for a user to perform novel on�line interactions with a virtual
environment. This potential has resulted in various promising works, that focus speci�cally on the
problems associated with that setup.

2.1 Physics Based Character Animation

Physics based animation is a wide �eld that encompasses all situations where a physics simulation is
used to calculate the movement of an object or substance. Various types of physics based animation
have seen wide adoption in virtual simulations, like cloth or �uid simulations. On the other hand,
character animation using a physics simulation has mainly been limited to rag�doll physics [GP12],
and interactive animation of a physics based character is still an ongoing problem.

The �eld of physics based character animation can be roughly subdivided into solutions that
focus on locomotion and solutions that focus on in�place or general purpose motion. Physics based
locomotion requires speci�c motion controllers to (re)create a locomotion cycle, as well as to stay
balanced during locomotion. An in�uential example of such a locomotion control strategy is the
SIMBICON framework, proposed by Yin, Loken and van de Panne [YLvdP07]. Their framework
uses �exible controllers that can be tuned in real�time using a few parameters or can be informed
by motion capture data. Like the work by Yin et al., the physics based locomotion controller of
Lee, Kim and Lee [LKL10] make a distinction between the stance hip and the swing hip in order
to balance the character during the locomotion cycle. The stance hip is used to control the posture
of the character, while the swing hip is used to control the foot placement during locomotion.

In�place motions cannot bene�t from controlling foot placement for balance, but are generally
easier to balance than locomotion. Solutions that focus on an in�place motion controller generally
focus on a wide variety of in�place motions. Zordan and Hodgins [ZH02], for instance, combine
trajectory tracking on motion capture data with a general purpose balance controller that controls
the COM of the character. With their approach, a physics based character is able to perform a
variety of motions, like boxing, fencing and dancing.

2.2 On�line Character Control

Certain applications require the physics based character to be controlled in real�time, for instance
in a video game. Although on�line control of a physics based character does not share the same
goals as the animation of a physics�based character, it does share many of the same challenges.
In both cases, the physics based character should perform a visually feasible motion while staying
balanced.

On�line control of a virtual character has the additional challenge of not being able to optimize
the motion controllers to a speci�c motion sequence. The motion and balance controllers have
to be able to handle unpredictable changing conditions and adapt to the input provided by the
user in real�time. It is possible to divide this �eld into the solutions that provide on�line control
through symbolic input data, and the solutions that use literal motion input for on�line control. An
example of the former is the work of Coros, Beaudoin and van de Panne [CBvdP10], that propose a
control system for locomotion of a physics character, that allows for users to control a wide variety
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of high�level parameters, like direction, speed of movement and even speci�c characteristics of the
gait.

Using literal motion data, captured in real�time, to control a physics based character should
be the most intuitive control mechanism, because the virtual character simply mimics the motions
of the user. With the arrival of motion capture sensors that are a�ordable to the general public,
like the Microsoft Kinect, the interest in using motion capture data to control a virtual character
in real�time have increased, as is evidenced by works released since 2010 [LZ11] [SH12].

Apart from being intuitive, the motion capture data is also guaranteed to be physically plausible,
because it is performed by the user [GP12]. The challenges when using motion capture data arise
from the fact that there are always some di�erences between the captured motion and the simulated
motion. Di�erences in skeletal dimensions and simpli�ed representations of real�world physical
properties in the physics simulations cause issues when using motion capture data to control a
physics character [GP12]. Data processing and balance controllers have to be used in order to
overcome these issues.

2.3 Motion Data Processing

A popular data processing method to deal with the issues stated above, is to use a database
of pre�recorded motion clips to increase the quality and consistency of live motion capture data
[IWZL09] [LZ11] [SH12]. One approach to improving the data quality is to replace missing joint
data in live Kinect motion data with a matched pre�recorded motion, by Shum and Ho [SH12].
Alternatively, Ishigaki, White, Zordan and Liu [IWZL09] embed context�sensitive pre�recorded
motions inside an annotated environment, which are then combined with live motion capture to
allow for environment�speci�c motions to be performed live.

Another possible di�erence between live motion capture data and the virtual character perform-
ing the motion, is the di�erence in skeletal structure or proportions. This skeletal con�guration can
even change between frames of motion data, as is the case with Kinect captured data [OKO∗12].
This problem of retargeting the live motion data is resolved in di�erent ways. Shum and Ho [SH12]
solve this using a posture solver, which de�nes positional constraints of joints by taking the raw
joint positions of a Kinect captured pose and tracking them using external forces applied to the
joints of the dynamic character. Joint orientations are tracked similarly, by applying internal
joint torques. Liu and Zordan [LZ11] propose a similar system of balancing forces and torques on
individual body parts to position and pose a dynamic character based on Kinect data.

Other retargeting methods rely on inverse kinematics (IK) to calculate a pose for the skeleton
so a set of end�e�ector points on the skeleton reach a particular target position, or minimize the
distance to that target if it is not reachable. Choi and Ko [CK99] propose a method for on�line
motion retargeting that uses IK. Their method uses damped least squares IK in order to retarget a
prerecorded motion of a biped to a character with di�erent proportions. A few crucial points on the
body, like hands and feet, are tracked as end�e�ectors by the IK approach. Using the redundant
degrees of freedom (DOFs) of the character, the original pose of the recorded motion is matched
by the new character.

Our work builds on the work by Choi and Ko [CK99], by adapting it to the issues speci�c to
Kinect generated motion data. Because of the fact that Kinect motion data does not enforce the
proportions of the character, this retargeting method can be used to create a stable kinematic
target pose for a �xed skeleton.
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2.4 Motion Control

In order for a physics simulated character to perform a target motion, it has to use forces and/or
torques to dynamically track a kinematic target motion. There are various techniques for calcu-
lating and applying these forces and torques to the dynamic character, that can be categorized as
either physically plausible or not physically plausible. The latter introduces arti�cial forces into
the simulation in order to control the character, similar to a puppet master controlling a puppet.
The former approach limits itself to using internally consistent forces and torques, analogous to
movement due to muscle activation.

Both Liu and Zordan [LZ11] and Shum and Ho [SH12] perform dynamic live tracking by applying
forces to body parts to position them absolutely, using linear tracking controllers. The pose of the
character is tracked by using controllers to calculate the torque required for each joint to reach a
certain orientation. While using torques applied to the joints represents movement in a physically
plausible way, applying external forces to the body parts to position a character within the world
frame is not physically plausible.

When using the restriction that the dynamic character can only move by using physically
plausible internal joint torques, the common method for calculating these torques is to use PD�
controllers [ZH02] [LKL10] [GPvdS12] [GP12]. PD�controllers use tuned gain parameters to cal-
culate a torque proportional to the di�erence between the current and target angle and angular
velocity, for each controllable DOF of the character. The gain parameters require manual or au-
tomated tuning, as they depend heavily on the exact skeletal con�guration and proportions of the
character, as well as environmental e�ects and the desired responsiveness of the dynamic character
to the kinematic target motion.

Additionally, the PD gains of a DOF depend on the body parts a�ected by a rotation of this
DOF, as moving a larger mass requires a larger torque. Zordan and Hodgins [ZH02] remove this
dependency, by dynamically tuning the gain parameters of each DOF by a value proportional to
the moment of inertia of the body parts a�ected by that DOF. This allows for less manual PD
gain tweaking, without losing the characteristics of good PD gains: responsive dynamic tracking,
while the motion remains stable and smooth.

Further automation of the PD gain tuning is only possible with pre�recorded motions that can
be fed into a learning algorithm to �nd appropriate gain parameters for that particular motion.
Geijtenbeek, Pronost and van der Stappen [GPvdS12] use Covariance Matrix Adaptation for o��
line optimization of the PD gains and balance control parameters. This allows for automated
tuning of the system to a particular motion or set of motions, including the e�ects of the physics
simulation. However, these motions have to be pre�recorded to be tuned o��line, making this
approach not viable for an on�line application.

2.5 Balance Control

A motion tracking method that relies solely on internal joint torques, in order to provide physically
plausible dynamic animation, requires a balance strategy in order to ensure that the simulated
character stays upright during the motion. Various balance strategies have been suggested, but
most have in common that the strategy aims to control the position of the center of mass (COM)
of the character [ZH02] [LKL10] [GPvdS12].

A simple way to position the COM of the character is to control the orientation of some lower
body joints, so the position of the COM relative to the ground plane can be controlled. This is
exactly the approach of Zordan and Hodgins [ZH02], who compute an angular o�set for the hip
and ankle joints in order to reduce the COM position error, when projected on the ground plane.
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The second approach of Zordan and Hodgins [ZH02] shares aspects with the approach of Gei-
jtenbeek et al. [GPvdS12], namely the use of virtual actuation. Virtual actuation uses internal
joint torques on a chain of joints to achieve a `virtual force' on the root of the skeleton. This ap-
proach has parallels to inverse kinematics, as it aims to position an endpoint of a chain of joints, by
�nding the con�guration of the joints that achieves this. In virtual actuation however, the target
is to simulate a force on the skeleton root through the joints in the legs and the interaction of the
character with the ground plane. Both Zordan and Hodgins and Geijtenbeek et al. use virtual
forces to position the COM above the center of support of the character. Geijtenbeek et al. expand
this approach by also using virtual torques to control the global orientation of the character.

A balance strategy based on virtual actuation is more complicated than an approach based on
orienting hip or ankle joints in the kinematic target pose, as the latter does not add additional
torques to the dynamic tracking. In our work, we use a simpli�ed balance strategy inspired by
Zordan and Hodgins [ZH02] that orients only the ankle joints in order to control the COM position
and velocity of the character.

3 Method

Our system aims to allow a user to intuitively control a virtual character with almost complete
freedom of movement, by having the character mimic the movements of the user. In�place move-
ments of a person are captured using consumer level motion capture hardware, speci�cally the
Microsoft Kinect. The virtual character remains `grounded' within its virtual environment during
any movement the user can perform, by applying a physics simulation and moving the character
using internally consistent torques applied to its joints.

In order for this real�time system to perform these tasks, some underlying systems have to
be in place. Some mapping has to be created from the input motion capture data to the virtual
character. Then, the target motion has to be tracked in real�time by the physics simulated biped,
using appropriate forces. All the while, the virtual character has to remain balanced and posed
appropriately within the simple virtual environment . The overview that follows describes the
di�culties that we encountered with these subsystems, and how those informed the method as a
whole.

3.1 Overview

The solutions presented in this method are derived from the following challenges with the hy-
pothesis: issues with Kinect data, requiring physically plausible tracking and the balance issues
associated with that.

Kinect We have observed that the Kinect data can be temporally unstable, because the previous
pose data does not seem to be considered when calculating the current pose of the user. This means
that a joint can move unfeasibly between two frames of pose data. Related to this, is the fact that
the Kinect does not enforce a �xed length of bones in its detected skeletal structure, and joints
connected to the same body part can move closer or further away relative to each other. Because
constantly changing morphology are not realistic and cannot be handled reliably by a physics
engine, the Kinect data needs to be projected onto a �xed skeletal structure.

These issues with the Kinect data are resolved by processing the kinematic target, before it
is used as a tracking target by the simulated character. Inverse kinematics (IK) is a collection
of techniques for calculating the con�guration of a multi�joint system in order for a point, or
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Figure 2: Data processing �ow

end�e�ector, in that system to reach a desired location. We use IK to track several end�e�ectors,
essential to describing and grounding the motion. This approach aims to circumvent the di�erences
in skeletal proportions, both between frames of Kinect data, and the Kinect skeleton and physics
character. The temporal instabilities in Kinect data are addressed by damping the convergence
of the IK solution. This requires manual tweaking of a damping constant, but aims to smooth
out the instabilities. In order to ensure the kinematic target pose is visually similar to the pose
recognized by the Kinect, joint degrees of freedom (DOFs) not used to position the end�e�ectors,
are used to match this pose. However, these redundant DOFs are limited, which means the Kinect
pose cannot be perfectly matched in the kinematic target pose.

Physically plausible tracking Another challenge of our goal is that only physically plausible
torques on joints are allowed. This allows a free and convincing interaction of the simulated
character with the virtual environment. However, this also restricts the possible control methods
of the virtual character. For instance, the global position and orientation of the character can never
be directly controlled and there is no guarantee that it stays upright when performing a motion.
Allowing the global position and orientation of the character to di�er from the data captured by
the Kinect sensor still supports various valuable applications, as described previously. The balance
issues that we observed even when the character performs simple in�place motions, do however
limit potential applications and intuitive control. If simple motions cannot be performed without
the simulated character falling over, it limits the control a user experiences when using this method.

In order to generate physically plausible joint torques, the established approach of using PD�
controllers is used. PD�controllers require a gain parameter tuned to a speci�c physics body to
generate torques that reliably drive the physics simulated character towards a target pose. This
target pose is the frequently updated kinematic target pose. An idle standing motion can be tracked
by these controllers, but this tracking is not guaranteed to be balanced. In order to address the
balance issues, we propose a simple balance strategy. We observe that the orientation of the feet
in the Kinect data is more unstable than the rest of the body, which means we choose to ignore
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Figure 3: The structure of the physics character. Joint names and counts are shown on the left.
Body part names and weights are shown on the right.

that data and instead use the ankle orientations to balance the character. This does result in poses
that rely on a speci�c ankle orientation, like leaning, to potentially lose their visual signature. The
ankles are rotated in order to control the position of the center of mass (COM), to ensure it stays
above the centroid of the surface of the character contacting the �oor plane. We de�ne this position
indicator of the ground contact of the character as the center of support (COS).

3.2 Physics Character

The Kinect sensor detects the absolute positions of a total of 20 `joints', which are implicitly
connected by bones if they are adjacent in the skeletal structure the Kinect uses. The Kinect
detects a skeletal structure, but does not provide information about the volume of body parts of
the user. The physics character on the other hand, requires reasonable collision volumes in order
to have plausible physical interactions with the virtual environment. Our simple collision volumes
occasionally encompass several of the bones in the Kinect skeletal structure. For example, we
combine the spine and the bones connecting the neck joint with the shoulder joints (see Figure 1)
into a single torso body part for the physics character.

Skeleton A character with fewer joints results in a smaller computational cost for the IK im-
plementation and the physics simulation. Fewer body parts also reduces the complexity of the
physics simulation of the character, which means the simulation is likely to be more stable. We
therefore de�ne a skeleton that has the fewest body parts (and joints) while still being able to
visually express whatever motion the user performs. Additionally, a similar structure can be found
in related work, like Geijtenbeek et al. [GPvdS12] and Lee, Kim and Lee [LKL10]. Figure 3 shows
the skeletal structure of the physics character. Each adjacent body part is connected by a joint
with 3 rotational DOFs, because the Kinect SDK does not di�erentiate between di�erent joints
and assigns 3 rotational DOFs to all [Mic13].

The proportions of the character are not �xed, and our system can handle arbitrary changes to
the morphology of the virtual biped. However, the absolute positions of end�e�ectors like ankles
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and wrists are tracked by the IK solution, regardless of the proportions of the simulated character.
This means that if the proportions of the virtual character are signi�cantly di�erent from the
person being tracked, their pose might be distorted. This distortion occurs when the end�e�ectors
are tracked to positions that are either unreachable or where the position relative to the body
is signi�cantly di�erent between the two skeletal con�gurations. This means that this method is
more appropriate for controlling a virtual biped that has proportions closely resembling that of the
person controlling the virtual character.

3.3 Kinematic target processing

Motion data generated by a Kinect sensor has some systematic issues, and on�line processing is
required to get a target motion that is stable and compatible with the physics simulated character.
Firstly, the Kinect sensor is not necessarily positioned parallel to the ground, causing the data
captured by the sensor to be tilted. This is addressed by applying a sensor tilt correction.

As previously mentioned, the skeletal structure of the physics character is di�erent from the
skeletal data captured by the Kinect. This is not an issue when only end�e�ectors are tracked
using IK, as long as there is an equivalent end�e�ector in both structures. However, when using
redundant DOFs of the physics character to match the pose of the input data, a mapping is required
that describes the orientation of each joint of the physics character in terms of orientation(s) of
input joints.

In order to ensure the absolute positioning of essential end�e�ectors, like feet, we propose
a damped IK solution. The IK solution ensures these end�e�ectors are positioned correctly even
when the skeletal structure of the input data di�ers from the virtual character, as well as smoothing
out instabilities inherent in the Kinect data.

3.3.1 Sensor Tilt Correction

If the Kinect sensor is not positioned in such a way that its line of sight is parallel to the �oor
plane, the absolute positions of joints captured by the sensor are tilted in the virtual environment.
When some of these joint positions are then used as end�e�ector targets, the kinematic target pose
will also be tilted, resulting in a systematic error and balance issues.

In order to resolve this issue, we use information about the orientation of the sensor relative to
the �oor plane. Fortunately, the Microsoft Kinect SDK bundled with the sensor uses the depth
image the Kinect captures to detect the �oor plane if it is visible [Mic13]. This is required for
the image processing to separate the person from the environment in the depth image, in order to
accurately capture a motion. Both the orientation of the �oor plane within the reference frame of
the sensor, as well as the height of the sensor from this �oor plane are returned by the SDK.

Using this information, we calculate the rotation required to match the virtual �oor plane with
the view of the �oor from the point of view (POV) of the sensor. Then we apply that rotation to
all input joint positions around the origin, which coincides with the position of the sensor. The
data is also translated so the �oor plane detected in the input data overlaps the virtual ground
plane. After these corrections the joints are correctly positioned relative to the ground plane in
the virtual environment.
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Figure 4: A side-by-side view of the same pose as expressed by the processed kinematic target
(left) and the two representations of the Kinect input data: joint orientation (middle) and joint
position (right) data.

3.3.2 Mapping

The physics character does not have the same skeletal structure as the input data returned by
the sensor. Figure 4 shows this di�erence. Speci�cally notice how the input data has hip and
shoulder `bones', which are replaced by a single pelvis and trunk body part. In order to match the
visual signature of the motion of the user, the input joint orientation data has to be mapped to
the skeleton of the simulated character. In order to achieve this, we propose a simple mapping.

Each pair of parent�child joints of the physics character is mapped to an equivalent pair of joints
in the input data. The parent in the parent�child pair is the joint closer to the root of the skeletal
structure. The pair of joints in the input data do not have to be directly adjacent in the skeleton,
which allows for mapping to a simpler skeletal structure, like our physics character. Additionally,
a �xed angular o�set can be de�ned for each mapping, which makes it possible to match the idle
pose between the two skeletons.

This mapping is used when describing the target orientation of each joint in the virtual character
based on the motion data, by returning the orientation of each joint relative to the parent joint
in the coordinate space of that parent joint. This simple mapping allows for the input data to be
mapped to a variety of possible biped skeletons of the simulated character, while preserving the
relative orientations of body parts.

3.3.3 Inverse Kinematics

We propose IK�based processing of the kinematic data, because of the fact that Kinect captured
motion data does not enforce �xed skeleton dimensions [OKO∗12]. This means that when the joint
orientation data is mapped to a virtual character with �xed length body parts, the pose can be
distorted between frames of motion. These distortions can for instance cause a foot to intersect
the ground plane or �oat above it, as in Figure 1. We hypothesize that as a result of the kinematic
target motion not having stable foot positioning, that a physics simulated character tracking that
target can experience balance issues. Additionally, these distortions mean that the kinematic target
motion no longer re�ects the motion of the user, as detected by the Kinect sensor.
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There are various established IK techniques that can be subdivided into analytical and numerical
methods [TGB00]. Analytical methods are characterized as complete, because they calculate the
entire solution space for a particular IK problem. However, these methods cannot be generalized,
as the analytical solution is derived for a speci�c joint structure. Additionally, if there is no
exact solution then an analytical method returns an empty solution space. This occurs when an
end�e�ector target position is unreachable, for instance.

Numerical or optimization based methods on the other hand use iterative optimization to ap-
proximate a single solution to an IK problem. While these iterative approaches are computation-
ally more costly than an analytical method, they can still operate in real�time [Bus04]. Numerical
methods can also approximate a solution, even when an analytical method returns an empty so-
lution space. When an end�e�ector target is unreachable, for instance, an exact solution cannot
be determined. However, numerical methods iteratively move the end�e�ector towards that tar-
get, approaching it as close as possible. Additionally, numerical methods do not require a speci�c
solution for a speci�c joint structure. Instead, an arbitrary structure of joints, end�e�ectors and
targets is described and optimized as a whole.

Because of this general applicability and robustness, we chose to use a numerical method for our
IK�based kinematic data processing. Speci�cally, we consider a selection of popular methods that
revolve around calculating a pseudoinverse of the Jacobian matrix of the IK system [Bus04]. Besides
being commonly used, these methods allow for a `secondary objective' to be tracked, by projecting
the targets of this secondary objective onto the null�space of the Jacobian matrix [CK99]. We will
use this secondary objective to track the pose of the kinematic target motion.

End-e�ector con�guration Our IK solution aims to ensure that a few essential body parts are
positioned absolutely, in order to create a stable kinematic target for the simulated character to
track. These �ve end�e�ectors are the ankle and wrist joints, as well as the neck joint. Tracking
these end�e�ectors anchors the positions of the limbs within the world, which is not possible with
pose tracking alone.

To ensure the positioning of the feet is stable and consistent with the user in front of the sensor,
we track the position of the ankle joints. Ankle joint positions are used instead of the position of
the feet, because we observed the ankle joint positions to be more stable than the feet in Kinect
data.

Wrist joints are tracked to allow for more reliable interaction with the virtual environment, by
positioning the virtual hands in the same absolute position in the virtual environment as the hands
of the user in the real world.

We observed that when the wrist target positions are low enough that they can not be reached
by lowering the arms alone, the entire upper body turns so those targets can be reached. This
negatively a�ects the resulting pose of the kinematic target. To resolve this, the position of the
neck is also tracked, resulting in more stable and accurate upper body tracking.

Each end�e�ector has to be connected to a base node within the skeleton, by a chain of joints
that are rotated to position that end�e�ector. This base node is supposed to be a �xed point in
space, and should not be a�ected by the joints in the chain rotating. This is achieved by �xing the
position of the root of the kinematic target skeleton and having it act as the base node for all joint
chains. The root of the skeletal structure is the body part not connected to a parent body part
through a joint. In our structure, this body part is the pelvis. Both the position and orientation
of this base node are taken directly from the input data, and applied to the root of the kinematic
target.

Using a single base node for the IK solution and giving each limb a single end�e�ector has
the bene�t of using most joints only for positioning a single end�e�ector. This avoids con�icting
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joint rotations that have to be balanced. The exception is the joint between the torso and the
pelvis body parts, which has competing rotations applied to it to track all three upper body end�
e�ectors. Having a simple joint chain con�guration like this also means less joint DOFs are required
for end�e�ector positioning, and can therefore be used to track the pose of the input data.

Jacobian matrix The inverse kinematics (IK) methods that are being considered are: Pseu-
doinverse IK, Damped Least Squares (DLS) IK and Selectively Damped Least Squares (SDLS) IK.
These methods are related in the fact that they all calculate an approximate (least squares) inverse
of a Jacobian matrix, to �nd the rotation required of each joint DOF to move an end�e�ector to
its target position. A Jacobian matrix contains partial derivatives, describing the translation of an
end�e�ector in each axis as a result of a rotation of a joint around each DOF.

These partial derivatives can be calculated if the pose of the character is known. For the
Jacobian calculation we use the previous kinematic target pose as the current pose of the character.
The elements of the Jacobian matrix are easily calculated using this equation:

∂si
∂θj

= vj × (si − pj) (3.1)

With end�e�ector i and joint DOF j, where si is the position of i, θj is the angle of j, vj is a unit
vector along the axis of rotation of j and pj is the position of j [Bus04].

If an inverse of this Jacobian matrix could be found, then multiplying it with a vector describing
the translation required for each end�e�ector to reach its goal position would return a rotation for
each DOF of the character, resulting in each end�e�ector reaching its target. However, the Jacobian
matrix size is 15× 45 (�ve 3D end�e�ectors, 15 3DOF joints) and not invertible. Additionally, not
all end�e�ector target positions are necessarily reachable. So the IK methods discussed below all
�nd a least squares approximation of this Jacobian inverse matrix, to �nd the best possible pose
that minimizes the di�erence between the end�e�ectors and their target position.

Pseudoinverse IK The pseudoinverse IK method is a simple and established approximation
based solution. It calculates the required DOF rotation angles ∆~θ using the Moore�Penrose inverse
(J†) of the Jacobian matrix:

∆~θ = J†~e (3.2)

Where ~e is the vector containing vectors from current end�e�ector positions to their target posi-
tions. ∆~θ is the vector with the smallest magnitude that gives the optimal least squares solution
to the equation J∆~θ = ~e [Bus04].

This means that in a single iteration of this IK method, each end�e�ector should be as close to
its target position as it can be. However, when the con�guration is near singularity, this method is
unstable, causing very large joint rotations even when the end�e�ector is very close to its target.
A near�singular con�guration is one where a rotation axis of a joint aligns with a rotation axis
of other joints in the chain, for instance when an arm is (almost) stretched. Figure 5 shows this
e�ect. The outline shows that a small clock�wise rotation of the joint (white dot) reduces the
distance of the end�e�ector (black dot) to its target (red dot) by half. This is the value stored
in the Jacobian matrix. Rotating twice as far should then reduce the distance to the target to 0,
which is the rotation returned by performing the pseudoinverse IK method. The transparent body
part shows the actual result of rotating twice as far, where the end�e�ector is as far away from its
target as it was before rotating. This procedure repeats resulting in an oscillating joint, causing
this IK method to become unstable under these circumstances.

Damped Least Squares IK DLS IK introduces a damping constant to the Jacobian inverse
approximation, which dampens the rotation of joints, resulting in a convergence rate that is more
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Figure 5: Schematic illustrating the instability caused by end�e�ector tracking with a near�singular
limb and an out of reach end�e�ector target position.

than a single iteration. We manually tune the damping constant to ensure a stable transition be-
tween subsequent poses and to eliminate oscillating motions with unreachable end�e�ector targets
and near�singular con�gurations. DLS IK calculates the approximate Jacobian inverse as follows:

J† = JT (JJT + λ2I)−1 (3.3)

Where λ is the damping constant. When λ = 0, DLS IK is the same as pseudoinverse IK. High λ
values on the other hand, reduce the responsiveness of the solution severely. In that case, it takes
several iterations for the solution to converge and for the end�e�ector to reach its target. This
does result in a smooth motion of the kinematic target.

We �nd the value of λ by generating kinematic targets for several motions and tuning the
value to ensure stable motion with near�singular limbs and smooth transitions between poses even
when the Kinect data jumps. Those goals have to be balanced against the goal of remaining
responsive enough to keep the visual signature of the motions and not smoothing away important
characteristics. Additionally, a high damping constant also introduces a delay to the tracking,
because the goal is not reached in a single iteration. This can be detrimental to the real�time user
experience, so low damping that still resolves the above issues is preferred over higher damping.

When we compare the pseudoinverse IK method with DLS IK with a su�ciently large damping
constant, the DLS IK method completely eliminates the instabilities present with the pseudoin-
verse method. Additionally, using DLS IK results in a smoothed kinematic target motion during
unstable Kinect data. This improvement does come with a noticeably reduced responsiveness of
the kinematic target to the motion of the user. Despite reduced responsiveness, DLS IK showed
su�cient improvements to the stability of the kinematic target motion, and as such we conclude
that DLS IK is more appropriate than pseudoinverse IK for our purposes.

Selectively Damped Least Squares IK SDLS IK is a relatively recent extension of DLS IK,
aiming to remove the requirement of manual tuning of the damping constant by automatically
determining this value for each vector in the singular value decomposition of the Jacobian matrix
[BK05]. SDLS IK increases damping if the rotation calculated for a DOF using the pseudoinverse
method moves the end�e�ector much more than the distance between the end�e�ector and its
target.

During comparison of the SDLS method with DLS IK and pseudoinverse IK, we observed that
it indeed succeeded in eliminating the instabilities that the pseudoinverse method su�ers from,
without requiring any manual tuning of a damping constant. However, it also revealed that the
SDLS method converged very slowly towards the end�e�ector target positions in many situations.
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This caused a slow responsiveness of the simulated character to live input data, similar to a very
high λ value in the DLS method.

For a real�time system, the reduced responsiveness that SDLS IK introduces is detrimental to
the user experience. Therefore, we conclude that DLS IK is a more appropriate kinematic data
processing method for our purposes, compared with SDLS IK.

Limiting end�e�ector distance to target Besides the SDLS IK method, Buss and Kim
[BK05] also propose clamping the distance of the end�e�ector to its target each iteration. Limiting
the distance between the current end�e�ector position and the target position, by clamping it to
a manually tuned value, should reduce jitter of limbs by limiting the maximum distance an end�
e�ector has to move each iteration. This clamping is achieved by moving the target position of an
end�e�ector closer to the current position, until the euclidean distance between those two positions
is less than or equal to the clamping parameter.

Limiting the target distance of each end�e�ector should have several bene�ts. Firstly, it largely
eliminates the problem of erroneous joint position data returned by the Kinect, as a single frame
with an incorrect end�e�ector target no longer results in a large rotation of body parts to reach
that target. Instead, the end�e�ector moves in the direction of the incorrect target, but only as far
as the clamping parameter is set, which is a less extreme reaction that can be more easily recovered
from by tracking subsequent correct data.

Buss and Kim [BK05] also observe that this approach allows for the damping constant in the
DLS IK method to be set to a lower value. Because large jumps in end�e�ector movement no
longer have to be smoothed out by the damping component of DLS, but instead are clamped. This
allows motion by the kinematic target that is more responsive to the (live) input data, although it
does smooth out large movements. Very strong motions, like fast kicks or punches, will be reduced
to a maximum velocity depending on the clamping parameter.

Pose Tracking If only the end�e�ector positions are tracked for the kinematic target, then that
target can still take a variety of often unrealistic poses. In order to ensure the pose of the kinematic
target is both feasible and resembles the pose of the person in front of the Kinect sensor, we have
to track another target. The pose of a character can be expressed by the orientation of each joint,
when the skeletal structure of the source and target body resemble each other. The simulated
character does not have the same skeletal structure as the Kinect data, so the joint orientations
have to be mapped to the simulated character. This mapping has been described in a previous
section.

In order to achieve this second target of matching the pose of the kinematic target to the input
data, the redundant DOFs of the character can be rotated to match the input pose. In the context
of IK, a redundant DOF is a DOF that is not required for positioning an end�e�ector. This means
that a redundant DOF can take any orientation without a�ecting the end�e�ector tracking by the
IK method.

Using redundant DOFs for pose tracking can be achieved by calculating a matrix that projects a
vector onto the null space of the Jacobian matrix [CK99]. This null space describes the redundant
DOFs, so when a vector (~ϕ) representing the DOF rotations required to match the input pose is
projected onto it, the pose is as closely matched as possible without a�ecting end�e�ector tracking.

∆~θ† = (I − J†J)~ϕ (3.4)

Equation 3.4 shows the projection of ~ϕ onto the Jacobian null space, where ∆~θ† are the rotations

of each DOF required to move the current kinematic target to the new target pose. Adding ∆~θ†

to the result of the DLS IK method, gives the rotations required to move the current kinematic
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target to the new kinematic target, both tracking end�e�ector positions and matching the input
pose.

We observed during initial testing that the pose tracking could have a large e�ect on the
kinematic target motion, especially when the Kinect returned unstable motion data. In order to
allow for manual control over the e�ect of pose tracking on the kinematic target, we propose a
weighting factor, or pose weight (w), with value between 0 and 1. A weight lower than 1 dampens
the pose tracking, allowing for a manually tuned balance between end-e�ector and pose tracking.
A value of 0 means pose tracking does not contribute at all to the kinematic target motion.

∆~θ = J†~e+ w(I − J†J)~ϕ (3.5)

Equation 3.5 shows the �nal kinematic data processing calculation. It combines the end�e�ector
tracking of Equations 3.2 and 3.3 with the pose tracking described in Equation 3.4, and introduces
the pose weight (w) to allow for the two components to be manually balanced.

3.4 Dynamic Tracking

In order to move the physics simulated character to match the kinematic target motion, a dynamic
tracking method has to be introduced. A requirement of our system is that it can only control
the dynamic character using physically plausible joint torques, analogous to muscle activation in
humans. A simple and common method for calculating the torques required to move a dynamic
character to a speci�c target pose is to use PD�controllers [GP12].

Next we describe some speci�cs of the physics simulation that are relevant to the dynamic
tracking problem. Then the speci�cs of how we use PD�controllers to control the physics character
are described. Lastly, a simple balance strategy is proposed to resolve balance issues we observed
during initial testing.

3.4.1 Physics simulation

Collision volumes The simulated character has collision volumes that correspond with box�
shaped body parts, similar to the characters used by Lee, Kim and Lee [LKL10] or Geijtenbeek
et al. [GPvdS12]. Besides the common use of box�shaped body parts, there is another bene�t
speci�cally related to the physics simulation. Having a �at surface representing the bottom of the
feet results in a large surface for ground contact. This makes for a more stable physical interaction
with the ground plane and makes the character easier to balance.

Self�collision For the sizes of the box�shaped body parts, we are visually motivated and set those
to loosely resemble a person with average proportions. More importantly, no body parts collide
with the rest of the body during an idle pose. We de�ne the idle pose as having the feet next to each
other, with parallel legs, and the arms hanging down parallel to the torso. Ensuring that the body
is proportioned to avoid self�collision is especially relevant as we chose not to enable self�collision
in the physical simulation. Not simulating self-collision means body parts can penetrate other
body parts without colliding. While this is not physically realistic, it makes analyzing the results
of the dynamic tracking easier. If the physics simulation were to resolve self�collisions within the
character, the forces this generates could visibly a�ect the tracking, making it more di�cult to
judge the tracking performance.
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Friction The physics simulation solution we use for our virtual environment, Open Dynamics
Engine, approximates friction using the Coulomb friction model [Smi06].

FR = µFN (3.6)

Equation 3.6 describes Coulomb friction [Pop10], where FR is the force of friction as a result
of friction coe�cient µ and normal force FN . The value for µ has to be manually de�ned, and
determines the potential strength of the friction force. Di�erent materials interacting exhibit
speci�c friction forces, which can be expressed in a physics simulation by a speci�c µ value.

A common problem with physics simulations of complex rigid body systems, like our dynamic
character, is foot sliding during motion tracking. This issue has previously been observed by
Geijtenbeek et. al. [GPvdS12], and appears to occur when the internal torques used for controlling
the character cause large and oscillating ground reaction forces. Ground reaction forces are the
forces resulting from collision of the feet body parts with the ground plane.

These forces can result in a loss of friction of the feet, which in turn results in the body sliding
on the ground plane. As the ground contact is the main, and frequently only interaction of the
physics character with the environment, a stable contact makes balance easier and grounds the
motion within the virtual environment. In order to combat this issue, we chose a relatively high
friction coe�cient value of µ = 1.0. This value is roughly equivalent to the static friction between
concrete and rubber surfaces [Ser13]. A su�ciently high value like that should ensure a stable
contact between the character and the ground.

3.4.2 PD control

Proportional�Derivative (PD) controllers are a simple and established method for calculating joint
torques required for tracking a target motion [GP12]. This feedback�based motion control tech-
nique is used to generate physically plausible joint torques. It does require manual tuning of the
gains, in order to balance responsive and smooth tracking. Some information about the body and
pose a�ected by a particular joint rotating, can be used to simplify this tuning.

Initial results of the dynamic tracking method using PD control, show us that even simple
in�place motions cause the simulated character to lose balance. In order to resolve this issue,
we propose a simple balance strategy that overwrites the orientation of the ankle joints in the
kinematic target with an orientation derived from the center of mass (COM) position relative to
the center of support (COS). The COS is de�ned as the centroid of the surfaces of the character
in contact with the ground plane. During a balanced motion, these surfaces are the bottom of the
feet colliding with the ground plane and so we approximate the COS by averaging the centers of
the feet, if they are in contact with the ground.

τ = kp(θt − θc) + kd(θ̇t − θ̇c) (3.7)

PD equation Equation 3.7 shows the calculation of a DOF torque scalar τ , from the current
angle θc and angular velocity θ̇c and the target angle θt and angular velocity θ̇t. DLS IK calculates
the di�erence in angle for each DOF from the current target pose to the next. We use this
di�erence as the target angular velocity for PD control, while the new target pose o�ers the target
angle for each DOF. kp and kd are the PD gains that scale the di�erences in angle and velocity
to get an appropriate torque value to move the joints without causing instabilities. If dynamic
state of the system is �xed, then the value for kd can be derived from kp using the following
equation: kd = 2

√
kp. While the dynamic state of our system is not �xed, we use this relation to

approximate the kd value, because we found that this approximation does not seem to adversely
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a�ect the performance of the dynamic tracking. Additionally, this means the value for kd does not
have to be manually tuned.

As all joints in the simulated character have three DOFs, the torque scalars calculated by the
three PD�controllers are multiplied by their axes of rotation to get a single torque vector (in world
coordinates). Those torques are then applied to the child body part and in opposite direction to
the parent body part, to rotate the joint towards its target orientation using physically plausible
torques.

Moment of inertia compensation In order to reduce the amount of tuning required for the PD
gains, we employ a method proposed by Zordan and Hodgins [ZH02]. By scaling manually tuned
PD gains by a value dependent on the pose and con�guration of the part of the body a�ected by
a particular joint, PD gains tuned individually for each joint DOF can be replaced by a single PD
gain multiplier. This multiplier is still manually tuned to our speci�c character. We then multiply
that single value with ratios derived from a heavily simpli�ed approximation of the moment of
inertia of the body parts a�ected by each DOF.

ti = rc ×mc (3.8)

Equation 3.8 describes the calculation of these ratios between DOFs, with ti being the simpli�ed
moment of inertia approximation for DOF i. rc is the radius of the COM c of the body parts
a�ected by DOF i with respect to the axis of rotation of i. In order words, rc is the length of the
vector perpendicular to the axis of rotation of i to that COM. mc is the total mass of the body
parts a�ected by DOF i.

This equation describes all body parts a�ected by i as a point mass at the COM of those
body parts. A physically correct moment of inertia calculation of a point mass would take the
square of the radius rc, but we found through initial testing that this resulted in ratio di�erences
between the lower and upper body that were too large. Because the lower body joints a�ect the
entire upper body when standing upright, the ratios calculated for the DOFs in the lower body
with a squared rc were signi�cantly higher than other DOFs. By assuming a point mass for the
calculation, we already heavily simpli�ed the problem at the cost of accuracy. We therefore chose
to further simplify the ratio calculation by removing the squared radius term, which during initial
testing resulted in promising ratios between DOFs.

Because ti is a very rough approximation, its value has no intuitive meaning within the dynamics
of the system. In order to ensure the value of the PD gain multiplier, which has to be manually
tuned, has an intuitive value that can be related to uses of PD�controllers in other work, we divide
the ti for each DOF by t0. This is the t value for the �rst DOF in the spine joint, during an idle
pose. This means that the value determined for the PD gain multiplier is the kp value for the �rst
DOF of the character, and the kp value for any other DOF i is based on the ratio between t0 and
ti.

3.4.3 Balance control

Early tests showed us that even simple in�place motions caused the character to lose balance, when
using the method described above. Without balance control, there is no feedback of the current
state of the dynamic character when applying joint torques. So when the character starts losing
balance, there is no system in place to avoid this. A balance strategy is therefore necessary to
allow for a reasonable array of di�erent in�place motions to be properly performed by the dynamic
character. The same tests demonstrated that the Kinect�generated position data of the feet was
occasionally unstable. This is likely caused by the di�culty of detecting the feet against the �oor
plane in the depth image that the sensor captures. This means that the orientation of the ankle
joints is frequently incorrect, which is a problem with a character that relies on stable contact with
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a ground plane in order to stay balanced. Our initial attempt to resolve these instabilities by �xing
the ankles to a speci�c orientation did not remove the balance issues.

Method These observations leads us to propose a simple balance strategy, where the orientation
of the ankle joints is overwritten and continuously adjusted to ensure the simulated character
remains balanced during in�place motions. This is an approach similar to that of Zordan and
Hodgins [ZH02], who balance the position of the COM of the physics character by controlling the
ankle and hip joints. This strategy assumes that the feet of the character are �at on the ground,
and rotates the ankles to position the COM above the center of ground support (COS) of the
character, under that assumption.

Center of support The COS describes the centroid of the surface area of the character in
contact with the ground plane. So when the character has both feet on the ground, this centroid
lies somewhere between the positions of the feet. For the centroid of the contact area of each
foot, the COM of the foot body part is used. Although this is an approximation, it does not
appear to result in adverse performance and the COM of the foot is information provided by the
physics simulation, while the centroid of the contact area of a foot with a ground plane would have
to be calculated. Since this balance strategy runs each iteration of the physics simulation, the
computations should be kept to a minimum so as not to adversely a�ect the performance of the
entire system. The COS shifts more towards one foot as the COM of the kinematic target shifts
more above one of the feet. For instance, when the kinematic target shows a character leaning
to the right, the COS is closer to the right foot. Because the right foot supports a larger weight
in that scenario, the COS shifts to re�ect that. Additionally, this ensures that if the user shifts
his weight onto one foot, for instance before taking a step, that the balance strategy responds by
shifting the average ground contact point onto that foot.

COM target If we assume the bottom of the feet of the dynamic character are �at on the
ground, we can adjust the orientation of the ankle joints to position the COM of that character
relative to the COS. There are two target positions for that COM that have their own advantages
and disadvantages. Firstly, the COM can be positioned above the COS, which o�ers the maximum
balance potential, but does a�ect certain poses. For example, if the user leans to one side, this
leaning pose is characterized by a COM that is o�set relative to the COS. If the COM is positioned
exactly above the COS, this leaning pose is not performed by the dynamic character.

The second approach is to use the position of the COM relative to the COS in the kinematic
target as the COM target for the balance strategy. This approach is similar to rotating the ankle
joints so the feet body parts are parallel to the ground plane in the kinematic target pose. The
di�erence with that simple approach is that the COM of the dynamic character is not necessarily in
the same position as the COM of the kinematic target, because the pose of the dynamic character is
rarely identical to the kinematic target. This second approach better respects motions like leaning,
as it attempts to position the COM of the physics character with the same o�set as the kinematic
target. However, we hypothesize that this approach o�ers worse balancing performance, because
it allows for the COM to be o�set from the COS. When the COM is horizontally o�set far enough
from the COS, the character can easily topple over in that direction.

Because both COM targets have their own bene�ts and drawbacks, we propose a manually
tunable parameter that allows for these two targets to be balanced. Because both of these targets
are represented by a position in virtual space, an intuitive parameter could be a weighting factor
that allows for linear interpolation between these two positions. We therefore propose a COM
target weight parameter wcom:

~pcom = wcom × ~pk + (1− wcom)× ~pc (3.9)
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where ~pk is the position of the COM relative to the COS in the kinematic target and ~pc is the
target of the COM where it is positioned directly above the COS. The ~pcom vector then gives the
COM target. Our balance strategy attempts to position the COM of the dynamic character on
that target by rotating the ankle joints under the assumption that the feet are positioned �at on
the ground plane.

COM velocity compensation Rotating the ankles to track a COM target position does not
take into account the motion of the dynamic character. If the COM of the character is moving
quickly, it can cause the character to lose balance in the future, even if the COM position is
balanced in the current iteration of the physics simulation. In order to anticipate potential balance
issues because of quick movements by the character, we propose adjusting the position of the COM
target ~pcom by taking into account the velocity of the COM.

In order to take the COM velocity into account, we add to ~pcom a vector derived from the COM
velocity vector ( ~vcom), which is expressed in meters per second. Our approach decomposes the
COM velocity vector in a vector perpendicular to ~pcom (~vp) and a vector parallel to ~pcom, which is
ignored.

~vp = ~vcom − ( ~vcom ·
~pcom

‖ ~pcom‖
)× ~pcom
‖ ~pcom‖

(3.10)

We do this in order to only compensate for the COM velocity when it o�sets the COM horizontally,
as a vertical velocity of the COM does not challenge the balance of the dynamic character. With
a vertical COM velocity, the COM stays above the COS and thus the character is likely to stay
balanced. This situation occurs, for instance, when the character crouches.

The length of ~vp is then clamped, so it does not exceed the length of ~pcom. This ensures the
COM velocity correction does not overshadow the original COM target position. During a sudden
movement the COM velocity vector could, for instance, have a length of 2 (meters per second).
Without clamping that length, the velocity corrected COM target would be 2 meters o�set from
the original COM target. That is such a large o�set, that it can actually cause balance issues,
instead of resolving those.

Finally, we introduce a manually tuned parameter (wvel) to further control the COM velocity
compensation. This parameter scales ~vp in order to provide control of the COM target and balance
between the position target and velocity compensation.

~p = ~pcom + wvel × ~vp (3.11)

~p is the �nal COM target position of our balance strategy. This vector expresses the COM target
relative to the position of the COS.

Ankle orientation With the COM target vector ~p and the current COM position relative to the
COS, the orientation of the ankle joints can be adjusted so the new COM position vector matches
the target vector. However, we observe during initial testing that simply setting the new target
orientation of the ankle joints to the orientation that the balance strategy calculates results in
large rotations of the ankles between iterations of the physics simulations. These large changes in
the target orientation of these joints results in the associated PD�controllers returning very high
torques in order to track those targets. Subsequently, the physics simulated character becomes
unstable due to the high torques applied to its ankle joints.

In order to resolve these instabilities, we propose a parameter that clamps the angular velocity
of the ankle joint target motion. This clamping parameter ensures that the rotation required to
move from the current orientation of the ankle joints to the target orientation does not exceed the
angular velocity maximum that the parameter dictates. If that maximum is exceeded, then a new
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target orientation is calculated for the ankle joint that results in a movement towards the target
calculated by the balance strategy, but without exceeding the maximum angular velocity.

Using the ankle joints to maintain balance means the feet are not necessary oriented in a visually
plausible manner. In order too maintain a visually convincing orientation of the feet, and because
only two DOFs of an ankle joint are required to track the COM target, the third redundant DOF
is set so each foot of the dynamic character point forwards, relative to the lower leg. Although
this results in visually plausible orientations for the feet, the orientation of the feet as the Kinect
sensor detects it is no longer reproduced by the dynamic character. So when the user solely moves
its feet, it is not recognized and tracked by our system.

4 Experiments and Results

Various experiments were performed to demonstrate the capabilities of our solution, as well as to
show di�erent behavior of the system based on di�erent parameter values and the limits of the
system. We performed experiments to demonstrate the following e�ects:

• The e�ect of di�erent con�gurations of kinematic target processing on the kinematic target
pose.

• The e�ect of using di�erent PD gains based on an estimate of the moment of inertia, versus
dynamically calculating the moment of inertia.

• The e�ect of using balance control and IK�calculated target poses on balance.

• The e�ect of varying the morphology of the dynamic character.

4.1 Experimental Setup

Our method is tested within a home environment, as the Microsoft Kinect sensor is consumer
hardware, and a professional motion recording environment is not necessarily available to users of
the sensor. This means the sensor is placed within a representative living room scene (Figure 6),
with furniture visible to the sensor, providing various levels of depth for the Kinect to capture.
Within this scene, the body of the user is still always completely visible, roughly in the center of
the FOV of the sensor. This should ensure the results of the experiments are representative of
a consumer application of the method, without introducing additional risk of poor motion data
quality.

Sensor positioning The Kinect sensor is positioned level, at a height of 90 cm above the ground,
pointed at a user standing 2.5 m away from the sensor. This is roughly halfway between the
minimum and maximum range of the depth sensor (between 1.2 m and 3.5 m [Mic13]), allowing for
the largest freedom of movement while staying within the range of the sensor. As advised by the
Kinect guide [Mic13], interference from infrared light sources other than the Kinect is minimized
in the test setup. Speci�cally, sunshine is blocked in the test environment.

Software dependencies The Kinect motion data is retrieved at its maximum rate of 30 times a
second, using the Kinect SDK version 1.6.0 [Mic13]. The Kinect SDK is responsible for retrieving
the absolute positions of the 20 tracked joints from the sensor output. The SDK also generates
the orientation information for the joints, from the position data. This data is smoothed by the
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Figure 6: The environment used for recording motion for the experiments, as seen from the per-
spective of the Kinect.

Kinect SDK using its default smoothing algorithm and parameters [Mic13]. Additionally, the SDK
uses the depth image to generate an equation that describes the �oor plane, if the �oor is visible
by the sensor.

Pre�recorded motions Some experiments use a set of increasingly challenging pre�recorded
motion clips. Although our method is built to be used in live applications, the use of pre�recorded
motions allows for reproducible and comparable experimental results. In on�line applications, there
is no guarantee of the quality of the motion data. In the pre�recorded motions, this random quality
factor is eliminated, in order to separate the performance of our system from the performance of
the motion capture system. To accomplish this, multiple recordings were made of the same motion,
and the clip used in the experiments was the one with the least erroneous or missing motion data,
after visual analysis.

Clip Length (s) Description Challenge
waving 12.1 An energetic waving motion Upper body motion
leaning 32.0 Leaning side�to�side Slow COM shift
bowing 9.2 Bowing down Sudden COM shift
reaching 8.6 Reaching down, bending knees Full body controlled motion
boxing 15.6 In�place boxing moves Energetic full body motion
stepping 10.7 In�place step Controlled ground support change
balancing 28.3 Balancing on one leg Limited ground support
jump 21.2 A small jump Losing ground support

Table 1: A description of the motion clips used in the experiments, including the challenges they
pose for the system.

Table 1 shows the set of pre�recorded motion clips used in some experiments below. They
are designed to increase in balancing and tracking di�culty, as well as to provide representative
motions of a large range of possible in�place motions. The range of motion is limited by the range
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within which the Kinect sensor provides motion data of a reasonable quality.

Initialization period In order to ensure that the physics simulated character is stable when
starting to perform the live or pre-recorded motions, a short (<1.5s) initialization period is enforced.
In this period the physics character is suspended a short distance (<8cm) above the ground plane
and its root rotation is controlled to stay upright, while tracking the kinematic target motion. After
the initialization time is over, the character is released and experiences gravity and ground reaction
forces and is plausibly simulated from then on. All experimental results ignore the initialization
period and only start capturing results after that period is over.

Dynamic character Figure 3 shows the schematic of the dynamic character used for the ex-
periments. For the density of the simulated character, an average density of the human body
(1000kg/m3) is chosen [DW74]. With the collision volumes described previously having this uni-
form density, the mass of the character is 94.5kg. See Figure 3 for the mass of individual body
parts. The use of visually motivated, simple collision shapes and a uniform density results in a
weight distribution of the character that signi�cantly di�ers from a realistic human weight distri-
bution [CMY69], as seen in Table 2.

head trunk upper arm lower arm hand upper leg lower leg foot
sim. char. 6.24 36.00 4.44 2.96 1.27 10.37 5.08 4.76
human 7.3 50.7 2.6 1.6 0.7 10.3 4.3 1.5

Table 2: A comparison of the weight distribution (in percentage of total weight) of the simulated
character and a real human [CMY69].

4.2 Kinematic Target Processing

One of the main contributions of our method is the use of damped least squares inverse kinematics
to process the live Kinect motion data for improved stability. Because of the fact that Kinect
pose data does not enforce the proportions of its bones, using unprocessed joint orientation data
derived from that could result in an inaccurate or unstable kinematic target motion. This is
however dependent on the type of motion performed, as some motions cause a larger di�erence in
skeletal dimensions between frames of Kinect data. Using DLS IK aims to resolve this issue, as
well as smoothing out temporal instabilities in motion data of poor quality.

Our method for generating the kinematic target motion exposes two main parameters that
require manual tuning for best results and that have a signi�cant e�ect on the target motion.
The �rst is the damping constant introduced by using DLS IK. A low damping constant can
cause unstable motion in extended limbs. A high damping constant reduces the responsiveness
of the end�e�ector tracking, making the kinematic target motion lag behind the on�line motion
performance, as well as smoothing out fast and small movements.

The second parameter of the Kinematic Processing method is the pose tracking weight. A
low pose tracking weight results in unrealistic poses of the generated kinematic target, that no
longer visually resemble the motion performance captured by the Kinect. A pose tracking weight
that is too high starts a�ecting the end�e�ector tracking of the IK solution, as well as causing
instabilities by over�correcting to match the target pose, similar to a low damping constant. A
balanced con�guration of these two parameters should minimize these issues and provide the best
performance of the system.
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Setup The aim is to demonstrate the e�ects of varying these parameters, and �nd a balanced
con�guration. A single pre�recorded motion clip containing a range of motions (see Figure 7), is
either left unprocessed or is processed using various IK parameter con�gurations, and the quality of
the resulting kinematic target motion is recorded. The quality of the kinematic target is expressed
by two values: an average end�e�ector position error and an average joint orientation error.

Figure 7: Representative poses of the range of motions in the pre-recorded motion clip used in the
kinematic target processing experiment.

The position error is the Euclidean distance between the position of the �ve end�e�ectors,
relative to the root of the character, in the kinematic target pose and the Kinect sensor data.
These end�e�ectors are the wrist, ankle and neck joints. The position error is averaged over the
entire motion clip and all end�e�ectors.

The orientation error is the di�erence in angle of each DOF of the eight unique joints, in the
kinematic target pose and the Kinect sensor data. These eight unique joints are the ankle, knee,
hip, spine, neck, shoulder, elbow and wrist joints. The orientation error is averaged over the entire
motion clip and all DOFs.

These errors are �rst recorded when the motion clip is left unprocessed, which means the joint
orientations as returned by the Kinect SDK, are applied directly to the kinematic target. Then all
combinations of the two IK parameters within a range, are tested. The damping constant range is
between 0 and 1.2 and the range of the pose weight is between 0 and 1.0. Both ranges are traversed
with a step size of 0.1.

Results

Figures 8 and 9 show the two errors measured as a result of varying the two main parameters
of the DLS IK kinematic target processing technique. This can be compared to the errors when
no kinematic processing is applied. Unprocessed, the pose error is 0 as expected, as the joint
orientations are left unchanged from the input data. The end�e�ector error with unprocessed
data is 0.118, which is signi�cantly higher than the processed target motion (with most parameter
con�guations). This error is introduced by the dimension di�erences of the dynamic character and
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Figure 8: Pose error : the average error in radians of eight unique joints between the Kinect source
data and the kinematic target data.

the input skeleton, as well as the fact that the dimensions of the input skeleton change during the
motion [OKO∗12].

Figure 8 shows that a higher pose weight decreases the orientation error of the joints, as the
pose tracking is weighted heavier. A pose weight of > 1 was not tested because pose weight = 1
means the pose tracking reaches the desired pose in a single IK step. A higher value results in the
target pose being overstepped, causing oscillations. A higher damping constant also decreases the
pose error, as the end�e�ector tracking is damped and has a smaller e�ect on the kinematic target.
More interesting are the end�e�ector position error results in Figure 9. Firstly, it shows that end�
e�ector tracking is una�ected by pose tracking, and pose tracking even increases the end�e�ector
tracking performance. This means projecting the pose target onto the Jacobian null�space has the
desired e�ect of allowing pose tracking without interfering with end�e�ector tracking.

Secondly, the e�ect of the damping constant on the end�e�ector tracking can be clearly observed.
A damping constant that is too low (< 0.3) results in unstable tracking and a higher end�e�ector
error. A damping constant that is too high (> 0.6) results in sluggish tracking that is detrimental
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Figure 9: End�e�ector error : the average error in meters of �ve end�e�ectors between the Kinect
source data and the kinematic target data.

to the performance. It should be noted that contrary to the joint orientation error, the average
end�e�ector position has a best�case error that is larger than 0, as the dimensions of the dynamic
character do not exactly match that of the skeletal data returned by the Kinect.

Additionally, the root rotation of the character, shown as the rotation of the pelvis body part
in Figure 7, can also make end�e�ector targets unreachable. See, for instance, the top�middle pose
in Figure 7, where both feet have the same end�e�ector target height. Due to the rotation of the
pelvis, the left foot cannot reach the same height as the right foot, resulting in an end�e�ector
position error. Choosing another root rotation than the current one, which uses the sensor input
data, is not an option as that means the kinematic target no longer represents the input pose,
which relies on the global orientation of the character. These issues combine to make certain end�
e�ector target positions unreachable during certain poses by the dynamic character, resulting in a
systematic positional error.

For subsequent experiments, a pose weight of 1.0 is used, as it provides the most faithful pose
tracking, without negatively a�ecting end�e�ector tracking. As accurate end�e�ector tracking is
required for precise real�time control of hands and feet by the user of the system, a low end�e�ector
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error is targeted. Therefore, a damping constant of 0.4 is chosen for subsequent experiments, as
Figures 9 and 8 show that it results in the lowest end�e�ector error, while introducing a manageable
pose error. While a higher damping constant increases pose accuracy without hurting end�e�ector
tracking signi�cantly, it does introduce a more noticeable damping to the tracking response. This is
detrimental to on�line control of the dynamic character, as it reduces the reactivity of the character
to the input motion.

4.3 PD controller parameters

The PD controller gains (kp and kd, see Equation 3.7) determine the size of the torque value
applied to a joint of the dynamic character, to reach a certain target orientation of that joint. The
amount of torque applied to the physics body, has a signi�cant e�ect on the simulation and the
resulting motion of the character. This e�ect is also dependent on the skeletal con�guration and
proportions of the physics character, which necessitates experiments to determine balanced values
for the PD�gains. The value for kd can be derived from the value of kp, by the following relation:
kd = 2

√
kp [GP12]. This means only the value for kp needs to be found experimentally.

Each joint DOF a�ects a di�erent part of the body when moving. This means each DOF has
to exert a di�erent amount of torque to move those body parts, depending on the mass and the
pose of the body. This suggests that a single kp for all joint DOFs does not result in the best
performance. However, our solution scales the kp value by the moment of inertia of the a�ected

body parts, which means a single parameter (k̂p or Kp in the �gures) can be tuned for all PD

controllers, without negatively a�ecting performance [ZH02]. The k̂p value multiplies the kp ratios,
whereby the x�axis of the spine joint is roughly given a ratio of 1, and all other DOFs have a kp
ratio relative to that.

The ratio of kp values between di�erent DOFs can also be found by manual tuning of values,
until a visually convincing simulation is shown. Or the kp ratios can be calculated dynamically each
time step, as described above, based on the current pose. The latter approach is more accurate, as
it adapts the PD gains to the current pose. The �rst approach acts more predictably, as the gains
are tuned and known beforehand.

Setup This experiment should demonstrate the e�ect of high and low gains on the dynamic
tracking, as well as compare manually tuned kp ratios with dynamic moment of inertia calculations.
High gains are expected to cause oscillating motion, as well as unbalancing the character due to
sudden movements. Low gains are expected to make the character less responsive or even collapse,
as the e�ect of gravity cannot be countered by the low torques.

To demonstrate these e�ects, a range of k̂p values is used to perform a pre�recorded motion (25s).
The pre�recorded motion clip shows a range of motions, similar to Figure 7, except without moving
both feet from or on the ground, to maintain a stable stance. k̂p iterates over a range of 300�1700
with steps of 50. The performance is measured in two ways, comparing the kinematic target and
the dynamic character. The average joint orientation error is measured in world coordinate frame
and parent joint coordinate frame. Both of these error measures provide di�erent and relevant
data. For instance, when the dynamic character falls over whilst performing a balancing motion,
the world coordinate error measure shows this falling as a large error in the orientation of all joints,
relative to the world. The parent coordinate error measure on the other hand, ignores the fall, as
the orientation of each body part relative to its parent body part does not change, even though the
global orientation of the character changes as he falls. The parent coordinate error measure instead
shows the accuracy of the pose the dynamic character takes and provides that data without being
obscured by global orientation errors.

These errors are shown both averaged over all joints and with the worst performing joint (the
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worst�case error). The wrist joints are not included in these errors, as they are unstable in the
pre�recorded motion and would have a disproportionately large e�ect on the average and worst�
case errors. The data is recorded each time the kinematic target pose changes (30 times a second).

The range of k̂p values is performed twice, once with the manually tuned kp ratios, and once with
the dynamic moment of inertia calculation.

In order for this experiment to return valuable data, the dynamic character should stay balanced
and upright. Initial experiments revealed that this is unlikely without the balance control enabled.
Therefore, balance control is used during these performances. Additionally, the stability of the
physics simulation could not be ensured with a simulation step size large enough to allow for
real�time playback of the pre�recorded motions. Therefore, a signi�cantly smaller simulation step
size of 0.0001s was used for these experiments, resulting in a stable simulation at roughly half the
real�time speed: 60ms per frame, compared to 33ms for real�time playback.

Results

Figure 10: Joint orientation error of dynamic character as a result of varying k̂p. In world coordinate
frame.

Figures 10, 12, 11 and 13 show the results of varying the k̂p value on the performance of the
physics simulated character and shows a comparison between using manually tuned kp ratios and
dynamically calculated ratios. The �rst thing to note about these graphs is that the manually tuned
kp ratios perform signi�cantly worse at low and high k̂p values, while the dynamically calculated
ratios degrade more gracefully, maintaining a respectable performance with very low and very high
torques.

Around the optimal k̂p values, where the errors are the lowest, the two methods compare more
closely. These observations combined suggest that while it is possible to manually tweak the kp
ratios for a better performance with a speci�c amount of torques, the dynamic ratio calculation
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Figure 11: Average joint orientation error of the worst performing joint as a result of varying k̂p.
In world coordinate frame.

Figure 12: Joint orientation error of dynamic character as a result of varying k̂p. In parent joint
coordinate frame.
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Figure 13: Average joint orientation error of the worst performing joint as a result of varying k̂p.
In parent joint coordinate frame.

based on moment of inertia is more robust under varying torque scales. Figure 10 shows that
dynamically calculated ratios perform slightly better with a lowest error around k̂p = 800. Figure

11 shows that the worst performing joint with each value of k̂p performs slightly better with
manually tuned ratios.

Figure 12 shows that the average joint orientation error in parent joint coordinate frame de-
creases with higher torques. Higher torques causes the dynamic character to more quickly move
towards the target pose, reducing the pose error. This decrease is predictable until a value of
around k̂p = 1500, where the high torques cause instability in the pose. The worst�case error
shown in Figure 13 shows the same results, with manually tuned kp ratios performing better with

most k̂p values.

Note the small scale of the y�axis of �gure 12, which means that any (reasonable) k̂p value
results in a reasonable target pose reproduction by the physics character. Similarly, Figures 10 and
11 show that within a range of multiplier values of 700 < k̂p < 1200, the pose error in world frame

is equally low. A lower value for k̂p is preferable, as it causes lower torques to be applied to the

character, resulting in a more �uid motion. From this, we can conclude that a value of k̂p = 800
is most preferable, and will thus be used in subsequent experiments.

At a value of k̂p = 800, the graphs show that the manually tuned kp ratios perform slightly
better, especially in the worst�case. However, the dynamically generated ratios perform almost
identically, and will automatically deal with di�erences in character morphology. The results show
that manual tuning is not necessary for a good performance, and the dynamic ratios are thus
preferable. The dynamically calculated kp ratios will be used for subsequent experiments.
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4.4 Balance

A balance strategy is introduced into our system to ensure that in�place motions that do not o�er
a signi�cant balancing challenge are performed well. Because the system is restricted to using
physically plausible internal joint torques, balance cannot be enforced by introducing external
forces. Instead, the kinematic target pose is adjusted on�the��y by rotating the ankle joints to
control the center of mass (COM). By adjusting the kinematic target, the visual signature of the
performed motion could change. The kinematic target processing using inverse kinematics (IK)
is introduced to the tracking solution, to improve the quality of the kinematic target motion for
balanced in�place motion. To demonstrate its performance, this experiment will test both the
balance control, as well as the use of IK for the generation of the kinematic target.

Setup The balance strategy has three parameters that need to be varied to �nd the best con�g-
uration. The �rst parameter is the clamping value used to limit the angular velocity of the ankles
as a result of the balance control. The second parameter controls the positioning of the COM
by the balance strategy, between positioning it exactly above the center of support (COS) with a
value of 0 and positioning it relative to the COS similar to the kinematic target with a value of
1. An intermediate value (i.e. in between 0 and 1) results in the balance strategy positioning the
COM of the physics character between these two targets. The latter results in a pose more like
the target motion, as the COM o�set of the kinematic target is taken into account. The former
o�ers a more balanced pose, as the COM of the dynamic character is positioned exactly above the
ground contact of the character, providing the least possibility of the character falling over during
an in�place motion.

The third and last parameter controls the e�ect of the COM velocity on balance control. With
a higher value causing the balance strategy to more strongly correct in the opposite direction, to
compensate for the global motion of the character. A value of 1 means that the vector moving
the COM target in the direction of the COM velocity has a maximum length that is the same as
the length of the vector from the COS to the COM target before COM velocity compensation. A
parameter value between 0 and 1 causes that COM velocity compensation vector to be multiplied
with that value, resulting in a weaker COM velocity compensation of the COM target.

Initial testing with a large variety of con�gurations of these three parameters (see Figure 14)
revealed promising initial values for the parameters. Figure 14 shows �ve values being used for
each of the three parameters. Each graph has results for a particular COM balance target value
(see the subtitle above each graph). Each curve in the graphs shows results for a particular value
of the COM velocity compensation parameter (see the graph legend). The X�axis of each graph
represents the ankle angular velocity clipping parameter.

The �gures show some unexpected variation in the results, caused by the physics simulation
not being deterministic. However, the rough trends in the graphs are similar, suggesting little
interdependence between the parameters. These observations resulted in the decision to use the
most promising values of these initial tests while varying each parameter individually, and repeating
the experiments a number of times (three), to average out the variable nature of the physics
simulation. This greatly reduces the combinatorial complexity of the experiment, and allows for
more detailed testing of the individual parameters. Both the COM shift parameter and the COM
velocity parameter take values between 0 and 1, and are tested with a step size of 0.1.

The clamping parameter is tested with values between 40π and 180π with steps of 14π, as lower
values caused the character to fall over from too little ankle movement, and higher values caused
little clamping to occur, resulting in the parameter having little e�ect. We use the π notation of
these values as it denotes the maximum angular velocity (rad/s) of the ankle joints as a result of
balance control. The values within this range are all very high angular velocities for a joint. The
reason for these high values is that the physics simulation time step is very small (0.0001s), and
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Figure 14: Initial results of all combinations of 5 values of the 3 parameters of the balance strategy

values lower than 40π su�er from the (lack of) �oating point precision, resulting in an orientation
change in a single time step that is too small for a �oating point number to represent. Instead, those
lower clamping parameter values were rounded o� in a single time step to allow for no rotation,
therefore completely negating the balance strategy.

After �nding the best con�guration of the balance strategy, the eight pre�recorded motions are
performed with four con�gurations of our system:

• without IK kinematic processing and without balance control.

• with IK kinematic processing and without balance control.

• without IK kinematic processing and with balance control.

• with IK kinematic processing and with balance control.

The duration that the physics character stays balanced during each motion clip is recorded, and
added up to a total time spent balanced. The character is considered to have lost its balance if
the COM height is less than 80% of the COM height of the kinematic target motion. We chose
this value as the COM height of the dynamic character di�ers more than 10% from the kinematic
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target during some motion clips, while still remaining balanced. So to avoid false positives, we
chose a safe threshold of 80% of the COM height of the kinematic target as a condition for losing
balance.

Results

Figure 15: The performance of the balance strategy while clamping the ankle joint angular velocity
at di�erent values.

Figure 16: The performance of the balance strategy while varying the position of the COM relative
to the COS.

Figures 15, 16 and 17 show the balancing performance of the balance strategy, with di�erent
parameter values. The blue curve shows the accumulated time (in seconds) that a character stayed
upright while performing a series of pre�recorded motions. The red line is the total time of those
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Figure 17: The performance of the balance strategy while varying the COM velocity compensation
weight.

total no IK, no BC IK, no BC no IK, BC IK, BC
139.0 112.2 112.9 128.4 128.1

Table 3: Time (s) spent balanced with di�erent con�gurations. BC = balance control, IK =
IK�based kinematic processing.

motion clips combined, which is the maximum time the character could stay balanced. Those
graphs show the time that the physics character spend balanced averaged over three performances,
as the physics simulation introduces some uncertainty into the experiment, thus requiring averaging
over multiple runs of the experiments to get a reliable result.

Figure 15 shows that there is a large range of clamping values of the ankle angular velocity,
that result in a similar good balance of the physics character. Any value above 84π is high enough
to avoid clamping the balance strategy too strictly. Similarly, values below 132π result in su�cient
clamping of the ankle orientation to smooth out its movement and avoid loss of balance due to
sudden motions of the ankle joints. We found that a value of 108π results in the best performance.

Figure 16 shows that the center of mass (COM) shift parameter does not have a large e�ect on
the performance of the balance strategy. A value of 0 of this parameter means that the COM is
positioned directly above the center of support (COS) of the physics character. A value of 1 means
that the o�set of the COM relative to the COS in the kinematic target motion is calculated, and
the balance strategy aims to position the COM of the dynamic character with a similar o�set. A
value closer to 0 is expected to result in a more balanced performance, which can be seen in Figure
16, but this trend is not pronounced in the graph. Regardless of the minor e�ect, a value of 0
results in the best performance, and is therefore used for the best balance strategy con�guration
used for Table 3. A higher value results in a pose more faithful to the target, and might be more
preferable, while having only a slightly worse balance performance.

Figure 17 shows that using no COM velocity compensation (a parameter value of 0) and us-
ing strong compensation (a value near 1) results in a less balanced character. So COM velocity
compensation is necessary for the best balance performance. Overcompensation however is equally
harmful, causing the character to lose balance due to large rotations by the ankle joints to com-
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pensate for character movement. A value of around 0.4 results in the best performance. a notable
anomaly in the graph occurs at a value of 0.7, where the performance is better than the rest of the
graph suggests for that value. Even after averaging over three runs of the same experiment, this
anomaly was present in the results.

Table 3 shows the performance of the dynamic character when disabling or enabling di�erent
parts of our method. These results are again averaged over three runs of the same experiment.
When not using balance control, the time spent balanced was considerably shorter compared
to dynamic balancing. The e�ect of the kinematic processing on the balancing performance of
the character is negligible. The best performance of the system was achieved without kinematic
processing and with balance control. This de�es the prediction that the absolute positioning of
end�e�ectors by the kinematic processing method results in a more stable ground contact. The
fact that no con�guration of the system was able to perform all motions in full, without losing
balance, shows that the system is only capable of handling a subset of in�place motions. It fails to
perform a motion like a small jump.

4.5 Morphology

Our method should handle a variety of di�erent morphologies of the dynamic character. There
are however factors which a�ect the motion performance when the morphology is changed. For
instance, because end�e�ector positions are tracked absolutely, a smaller character will reach to-
wards these positions, distorting the pose. This experiment demonstrates these e�ects, by showing
how our method handles morphologically di�ering characters without changes to the system or the
parameters.

Setup In order to demonstrate the performance of our system, the same balance experiment as
described above is performed by the di�erent characters. The results can then be compared to the
results of the character morphology used in the previous experiments (Figure 3). Several types of
morphology changes are tested:

• Correct body weight distribution, as seen in Table 2.

• Signi�cantly thicker lower legs, with each having a weight of 19.2 kg instead of 4.8 kg, to
show performance with a lower COM.

• A single signi�cantly thicker lower arm, with a weight of 11.2 kg instead of 2.8 kg, to show
performance of an asymmetric character.

Results

original weight distribution lower COM asymmetric
128.1 42.4 128.0 92.7

Table 4: Time (s) that characters with di�erent morphologies stay upright and balanced while
performing several di�erent motions.

When observing the various motions being performed by the character with a correct weight
distribution (Figure 18b), it appears to su�er from the feet sliding on the �oor plane and as a
result losing balance. This is re�ected in the poor performance of our method with this character
(see Table 4). The foot sliding can be explained by the fact that the character with correct
weight distribution has feet body parts with a signi�cantly lower weight than the original simulated
character. This means that the large torques applied to the ankles to keep the character upright
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(a) Original (b) Weight distribution (c) Low COM (d) Asymmetric

Figure 18: The di�erent character morphologies tested (not to scale).

cause oscillations of the feet body parts, causing the character to wiggle its feet and appear to slide
on the ground plane as a result. This e�ect is a result of the way in which our physics engine (ODE)
resolves collisions, and the e�ect has previously been observed by Geijtenbeek et al. [GPvdS12].

The performance of the character with a lower COM (and higher weight) shown in Figure 18c
is equal to the original physics character (Figure 18a). While a lower COM can be bene�cial to
balance, the higher torques required to move the large lower legs introduces a risk of foot sliding or
instability. Our method correctly adapts the torques applied to the relevant joints to compensate
for the larger weight of those body parts, allowing for most motions to be performed while staying
balanced, resulting in a performance similar to the original dynamic character.

The performance of an asymmetric character (Figure 18d) with larger weight in a single arm
fall signi�cantly short of the performance of the original physics character. This shows that while
the balance strategy balances the COM of the character, which takes into account a asymmetric
weight distribution, it is not capable of keeping a character with a signi�cant weight o�set balanced.
Additionally, the fact that a large weight is connected to the arm, means that movement of that
arm has an exaggerated e�ect on the motion of the entire upper body, causing stability issues.

5 Discussion and Future Work

The goal of our system, as outlined in the introduction, was: to perform intuitive real�time in�place
control of a physically plausible virtual biped using consumer grade video�based motion capture
hardware. The experimental results give an indication of the performance of our system with
respect to the various subgoals contained in this goal statement. The following section discusses
the performance of the system.

5.1 Discussion

There are several keywords in the above goal statement that indicate speci�c requirements for the
system to ful�ll the goal.
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Intuitive control Intuitive control of a virtual character is achieved by our system, as the
virtual character copies the motion of the user directly. The physics simulated character faithfully
reproduces the poses of the user, as is evident from the low joint orientation errors in Figures 10 and
12. However, the fact that the virtual biped is incapable of staying balanced during some in�place
motions, as shown in Table 3, means the user has to consider whether the virtual character will be
able to stay upright when deciding what movement to perform in front of the motion sensor. This
detracts somewhat from the ability of our system to provide intuitive control, as not all motions
can be predictably reproduced by the physics character.

Real�time control We were unable to run the experiments in real�time. The physics engine
that was used required a very small time step for its simulation to be stable with the large torques
applied to the body parts of the virtual biped. Requiring 10000 iterations per simulated second,
the physics engine was not able to run the simulation in real�time. Instead the experiments had
to be performed with pre�recorded motion clips at roughly half the speed of real�time: 60ms per
motion frame, as opposed to 33ms in real�time between motion frames of the Kinect sensor. We
think real�time control of a physics�based character with this method is likely to be within reach,
because we did not spend signi�cant e�ort optimizing the implementation.

Physically plausible virtual biped We de�ne a physically plausible virtual character as a
physics simulated character that moves solely using internal torques that act on its joints. This is
in contrast to the common use of a physics character controlled by external forces acting on the
body. Our method does exclusively use internal torques to control the virtual biped, and in doing
so allows the user to control a physically plausible character. Restricting the system to only using
plausible joint torques does introduce balance issues, that we were only able to partially relieve by
using balance control. This is best demonstrated by the results in Table 3, which shows that of
139 seconds of motion, the dynamic character controlled using internal torques had fallen over and
was not upright for more than 10 seconds (7.6%). Introducing external forces to keep the physics
simulated biped upright would have resolved this issue, but would also likely have resulted in a
character that moves less visually realistic and reacts less realistically to perturbation from the
virtual environment, due to the use of unrealistic external forces.

Consumer grade video�based motion capture hardware In order to use motion data from
a user in real�time (as well as for pre�recording), we used a Microsoft Kinect motion sensor. The
use of this piece of consumer grade motion capture hardware introduced some challenges that are
not likely to occur with professional motion capture setups. Firstly, the single perspective of the
Kinect sensor means that one part of the body can be occluded by another part of the body, from
the perspective of the sensor. This, together with the fact that the sensor uses depth image analysis
rather than physical markers to determine the pose of the user, results in occasionally unstable
motion data. While we allowed this incorrect motion data to be used by the physics character, we
did not allow it to negatively impact the balance of that character. The use of a balance strategy
ensured the balance of the virtual biped, even with minor instability in the input data, as evidenced
by Table 3.

A systematic issue with the Kinect motion data is that the length of body parts is not enforced,
which means that during a motion the body proportions can change. In order to address this, we
developed a novel use of the damped least squares inverse kinematics (DLS IK) technique. This IK
method is used to track the absolute position of some end�e�ectors, like the ankle and wrist joints,
thereby ensuring the stable positioning of those end�e�ectors in the kinematic target motion. This
is shown in Figure 9, which demonstrates that using DLS IK decreases the positional error of those
end�e�ectors signi�cantly. In order to ensure that the pose of the kinematic target matches the
input motion data, the joint orientations in the input data are projected onto the null�space of the
Jacobian matrix used for DLS IK. This means the degrees of freedom of the character that are not
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used to position the end�e�ectors, are used to match the pose of the user of our system. Figures
8 and 9 show that this use of the DLS IK method with pose tracking as secondary objective is
successful, resulting in a smaller error in the positioning of the end�e�ectors, while the pose data
of the input motion is faithfully recreated in the kinematic target motion.

We hypothesized another bene�t of the more stable positioning of the ankle end�e�ectors specif-
ically. By using DLS IK to absolutely position the feet according to the input data, the character
would have a more stable footing on the ground plane during challenging motions. We did not,
however, observe this e�ect during our balance experiment, as shown in Table 3. The virtual biped
stayed balanced for the same amount of time whether using DLS IK for kinematic processing, or
not.

Varying character morphology Our system is capable of handling di�erently proportioned
virtual bipeds, without requiring additional tuning of parameters. This is possible because it is
an entirely real�time system, without o��line optimization or the use of pre�processed or pre�
existing data. Additionally, by scaling the torques applied to the physics simulated character by
an estimate of the moment of inertia, the PD�controllers used to control the biped automatically
adapt to di�erently proportioned or heavier characters. Table 4 shows that our system is capable
of handling some character morphologies, like signi�cantly larger lower legs, while performing
signi�cantly worse with other morphologies, like a signi�cant asymmetric weight distribution or a
human�like weight distribution.

The performance of the biped with a human�like weight distribution reveals an issue with the
methods we use to control and balance the physics�based characters. The much smaller weight of
the feet of this character, compared to the original visually motivated character, resulted in the
character with realistic weight distribution being unable to remain stationary on the ground plane.
This is caused by the large torques applied to the ankle joints to keep the character balanced, which
cause the lightweight feet to oscillate quickly and make this character slide on the �oor plane and
lose balance. This demonstrates that our system does not gracefully degrade, when facing di�erent
character morphologies or di�cult motions. This limits the usability of our system to some extent,
as certain character cannot be used and certain motions cause irrecoverable stability issues. The
acceptable range of use cases of our system is therefore somewhat limited.

In conclusion, the main contribution of our method is the novel use of a Jacobian�based inverse�
kinematics technique for the accurate positioning of some essential end-e�ectors, while using pro-
jection onto the Jacobian matrix null�space to ensure a pose faithful to the input data. This
real�time kinematic data processing technique deals well with the varying body proportions and
occasionally unstable data of Kinect sensor motion data, resulting in a more stable kinematic target
for the physics simulated biped to follow. Additionally, within a limited range of in�place motions
that do not signi�cantly challenge the balance of the physics character, our system faithfully re-
produces the input motion with the physics character, in close to real�time and without requiring
any o��line optimization or existing motion data. Also, the system achieves this by using only
physically plausible internal joint torques, which means the virtual character reacts realistically to
physical interactions with the virtual environment, while being controlled by the user.

5.2 Future Work

Real�time application A logical direction of future work would be to focus on the real�time
application of our method. Besides optimizing the implementation for true real�time use, there
is an interesting venue of investigation in the interaction between a user of the system and the
physics�based character. Speci�cally the interaction of the user with the virtual environment and
whether or not a user performs corrective movements when the virtual character is at risk of losing
its balance, for instance.
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Locomotion We limited the use of our system to in�place motion to simplify the balance prob-
lem and as a result of the limited range of the Microsoft Kinect sensor. Future work could focus on
making this system ready for locomotion, which requires a completely di�erent balance strategy.
Additionally, locomotion within a virtual environment that does not re�ect the real world envi-
ronment, like a virtual sloped �oor, introduces a whole new set of challenges to the control and
balance of the physics character.

Accurate virtual biped Our system uses a signi�cantly simpli�ed representation of a human.
This means there are several valuable directions of future work, focusing on a more accurate physical
representation of a human for the physics simulation.

For example, the use of self�collision, where a body part of the virtual character can collide
with another body part. While this results in a more realistic simulation, self�collision can make
motion tracking more di�cult due to the constraints it introduces.

Another improvement with similar bene�ts and di�culties is the use of realistic joint orientation
limits. These limits ensure that a virtual joint cannot be in an orientation that is impossible for
the same joint in a human to achieve.

Another direction of future work that would bene�t the visual and physical realism of the
simulation, is to model the virtual character more closely to a human. This is achieved by using
more complex collision volumes than boxes for the physics character, in order to model a human
more accurately both for the physics simulation, as well as visually.

Physical accuracy could also be improved by modeling the forces and torques applied to the
virtual biped more closely to the forces and torques that human joints are subject to during di�erent
motions. An example of this would be the use of a human muscle�based model for control of the
virtual character, similar to the work Geijtenbeek, van de Panne and van der Stappen [GvdPvdS13]
have done on bipedal locomotion. This can have a signi�cant positive e�ect on the stability of the
virtual movement and the physics simulation.
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