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Virtual reality (VR) has emerged as one of
the important and effective tools for edu-
cation and training. Most VR-based train-
ing systems are situation based, where the
trainees are trained for discrete decision
making in special situations presented by
the VR environments. In contrast, this paper
discusses the application of VR to a differ-
ent class of training, for learning free mo-
tion, often required in sports and the arts.
We propose a VR-based motion-training
framework that contains an intuitive motion-
guiding interface, posture-oriented motion
retargeting, and an evaluation and advice
scheme for corrective feedback. Applica-
tions of the proposed framework to simple
fencing training and a dance imitation game
are demonstrated.
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Training has been considered to be one of the most
natural application areas of virtual reality (VR) [19].
To date, most VR-based training systems are ori-
ented toward learning a sequence of discrete reactive
tasks. Training occurs simply by the user’s expo-
sure to and immersion within a virtual environment
with various situation scenarios, which are otherwise
difficult to experience in the real world. The given
task is usually to perform a sequence of actions in
reaction to important events. The trainee is evalu-
ated on whether or not the choices of actions are
correct, rather than how the actions are performed
kinesthetically.
This paper discusses the application of VR to a dif-
ferent class of training, for learning motion, often
required in sports and the arts (such as a golf swing,
dancing, martial arts, and calligraphy). Motion pro-
files in these domains are often practiced with min-
imal interaction with the environment. That is, the
trainee concentrates more on the overall form of the
motion. Thus, the motion constraints we need to con-
sider only come from the relative positions of the
body segments, and in this paper, we informally refer
to such motion data as a free motion.
In training a free motion, the kinesthetic aspect of
an action is important, and suitable training effects
cannot be achieved by a traditional situation-based
training system. To support learning of kinesthesia,
a motion-training system should provide an inte-
grated environment through which the trainee can
easily acknowledge the exact sequence of postures in
a motion. For this purpose, this paper proposes a VR-
based training system for free motions with three
principal components: a VR-based motion-leading
interface, posture-oriented motion retargeting, and
motion evaluation and advice based on curve-fitting.
Regarding the user interface, we adapt an intuitive
interaction method called the ghost metaphor, pro-
posed in previous work [17, 18], which presents the
concept behind VR-based motion training called
“Just Follow Me” (JFM). Through the ghost meta-
phor, the motion of the trainer is visualized in
real time as a ghost (initially superimposed on
the trainee) moving out of the trainee’s body. The
trainee, who sees the motion from various view-
points, “follows” the ghostly master as closely as
possible.
The motion-retargeting part of the proposed system
provides the motion data conversion necessary to
handle the difference in body size between the trainer
(or motion-captured virtual trainer) and trainee. To
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visualize the reference motion correctly in a form
that the trainee can follow, the reference motion data
should be retargeted according to the body size of
the trainee before being displayed. In addition, mo-
tion retargeting is required for a correct evaluation
of the trainee’s motion, which is based on a com-
parison to the reference motion. Although there are
several methods of motion retargeting [3, 6, 10], they
are oriented toward placing the end effectors of the
resized character to the positions that are specified
for interaction with the environment. In motion train-
ing, the overall posture is considered to be more
important than the absolute positional profile of
the end effectors. In this paper, we present a sim-
ple motion-retargeting method that preserves the
overall posture of the original motion as much as
possible.
In motion evaluation and advice, the performance
of the trainee is evaluated with a score, and advice
is given to the trainee concerning how to correct
the motion in order to follow the reference motion
more closely (or, equivalently, to obtain a higher
score). In motion training, providing performance
feedback is important for enhancing the training
effect [13]. Many performance measures are pos-
sible: accuracy-based measures, such as position
or orientation differences, timing differences, and
the number of oscillations, and speed-based mea-
sures, such as task-completion time. In this paper, we
present an evaluation method that converts the differ-
ences between the motion curves of the trainer and
trainee into a score. Corrective advice is extracted
in the analysis process from the motion curve differ-
ence, with which the trainee can improve the overall
motion.
In summary, this paper proposes a framework of
a VR-based motion-training system that contains an
intuitive motion-guiding interface, posture-oriented
motion retargeting, and an evaluation and advice
scheme for corrective feedback. The ghost metaphor
guides the trainee by momentarily indicating how
well the trainee is following the reference motion.
A final score given at the end of a training session
informs the trainee of the performance of the mo-
tion. To improve the trainee’s motion performance,
corrective advice is also provided, which points to
the parts of the motion curve mismatched to the
reference motion. Posture-oriented motion retarget-
ing enables the system to furnish a correct display
of the reference motion and to compute a precise
performance evaluation. We demonstrate the effec-

tiveness of the proposed framework by applying it
to simple fencing training and a dance imitation
game.
The remainder of this paper is organized as fol-
lows. In Sect. 2, we review other research re-
lated to motion-training systems. Section 3 gives
an overview of the proposed VR-based motion-
training system and its user interface based on the
ghost metaphor. In Sect. 4, we present a posture-
oriented motion-retargeting method. Section 5 de-
scribes the process of the motion evaluation and
advice. Section 6 illustrates example applications
of the proposed system. Section 7 concludes this
paper.

2 Related work

Motion training can be modeled as a process of trans-
mitting motion information from the trainer to the
trainee through a series of interactions via some
communication media. Books and videos have been
popular forms of such transmission media. Recent
increases in computing power and storage capac-
ity of CD-ROMs have enabled richer and more
organized multimedia content for training and ed-
ucation using text, voice, and short video and im-
age clips. Despite the increased interactivity, the
effect of such indirect training is questionable, es-
pecially for motion training, as trainees must in-
terpret a large portion of implicit motor-control
knowledge and evaluate their own performance.
Like any training process, the interaction should
be, as much as possible, a two-way communica-
tion with immediate performance feedback and
correction.
As a technology that can provide real-time, two-
way communication with a multitude of interaction
methods, VR-based training becomes a good alterna-
tive to the expensive and difficult to attain “direct”
learning methods. Perhaps the most famous exam-
ple is the NPSNET/SIMNET, a network-based sim-
ulation for tactical military training [12]. Other ex-
amples include hostage situation resolution train-
ing [14], battleship fire-escape training [5], fear-of-
flying treatment [7], and machine-operation train-
ing [9]. One can easily realize that these systems are
mostly situation-based training for decision making;
the user is expected to make decisions to perform
a series of actions, and the particular motion used is
not very important.
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Fig. 1. Motion training process with the proposed VR-based motion-training system

A system called CAREN comes closest to our vi-
sion of the VR-based motion-training system. The
system was originally developed out of a joint Euro-
pean ESPRIT research program and is now a com-
mercial product [4]. The purpose of CAREN is to
train and rehabilitate patients to overcome balance
disorders. Standing on a moving force plate, a patient
corrects balance posture by looking at an avatar from
a third-person viewpoint displayed on a large projec-
tion screen in front. The avatar represents the patient.
Transparent boxes bounding the avatar’s limbs are
also displayed to guide the correct posture or mo-
tion. However, since CAREN focuses on training
and evaluating patients for short and quick reactive
movements as in a balancing act, it is not readily ap-
plicable to general motion-training situations, where
motion segments are longer and include a deliberate
nature.

3 Overview of the VR-based
motion-training system

Figure 1 shows the process of motion training
through the proposed VR-based motion-training sys-
tem, which consists of four parts: system setup,
posture-based motion retargeting, motion display
with the ghost metaphor, and motion evaluation and
advice based on curve fitting. In this section, we
summarize the system setup stage and briefly in-
troduce the ghost metaphor, which was proposed in
a previous work [17]. For the parts of motion retar-
geting and motion evaluation and advice, we present
the basic concept in this section and the details in the
following sections.
Setting up the motion-training system starts with at-
taching motion-tracking sensors to the trainee. In
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Fig. 2. Motion-retargeting step

the calibration process, the sensors are registered to
a known world-coordinate system, and the approxi-
mate body size of the trainee is obtained as well. Af-
ter registration, a motion-training session starts with
the trainee’s selection of the motion to be used for
training, which is the reference motion data from the
database.
Using selected reference motion and body size data,
the retargeting process begins by scaling the body
segments and copying the joint angles in the motion
data to preserve the original posture. If any intra-
body constraint such as “hand touching the shoul-
der” or “hand clapping” needs to be met, it is solved
using a process called the IK circle or IK sphere (see
Sects. 4.2 and 4.3). These methods change the joint
angles to satisfy the constraint while preserving the
original posture as much as possible. The changes of
the joint angles are propagated to nearby frames to
prevent abrupt changes in the motion. Figure 2 illus-
trates the overall process.

When the retargeting of the reference motion is com-
pleted, the trainee can begin training for the se-
lected motion. Since the retargeting method pro-
posed in this paper is simple and fast (a few sec-
onds on a PC), the retargeted reference motion can
be obtained without making the trainee wait until
the training begins. During training, the motion of
the trainee is captured by the motion-tracking sen-
sors. The user interface based on the ghost metaphor
visualizes the reference and trainee’s motions simul-
taneously. The reference motion is superimposed in
real time as a ghost moving out of the trainee’s body,
as illustrated in Fig. 3. The trainee, who sees the
motion from a chosen viewpoint, is asked to follow
the ghostly master as close as possible, both in tim-
ing and position/orientation. Using the ghost image
in reference to the trainee’s body in a user-selected
viewpoint facilitates the training effect by a more
direct transfer of the motion knowledge. Since pro-
viding performance feedback during training is very
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Fig. 3. The ghost metaphor: first-person viewpoint and alternative third-person viewpoint

important in learning, indications of the accuracy
of the trainee’s posture to the reference are given
at important posture frames, in the form of special
effects (such as colored flashes and congratulatory
text). The retargeting process ensures that the ref-
erence data (trainer’s motion) be correctly superim-
posed onto the trainee’s motion.
After the trainee finishes a training session of the
trained motion, the session is evaluated as a score
that measures the performance of the trainee. The
evaluation is based on a curve-fitting procedure that
neutralizes the difference between the reference and
trainee’s motion (see Sect. 5.2). In this procedure,
compensation for time shifts (e.g., slight delay or
lookahead) are achieved by horizontally shifting the
parameter space of the trainee’s motion curve. An-
gular offsets (e.g., a trainee performs off from the
reference angle) are handled by vertical shifts around
the frames where the differences are over the thresh-
old. The amount of the horizontal and vertical shifts
are summed up to compute the final score. Although
the motion curves of all joints may be involved in

computing the score, we consider only the important
joints, which are predetermined by measuring the
joint angle variations in the reference motion. Ad-
vice on how to correct the motion of the trainee can
also be obtained from the curve-fitting procedure. By
reporting the major horizontal and vertical shifts in
the curve-fitting, the trainee can be advised on which
parts of the motion should be corrected in terms of
timing and posture (see Sect. 5.3). Figure 4 illustrates
the motion evaluation and advice process.

4 Posture-based motion retargeting

The goal of posture-based motion retargeting is to
change the reference motion so that the converted
motion fits the trainee’s body size and preserves as
much of the original posture as possible. We as-
sume that, for the reference motions under consid-
eration, the overall posture is more important than
the absolute positional profile of the original motion.
Several motion retargeting techniques have been de-
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4

5
Fig. 4. Motion evaluation and advice step
Fig. 5. Skeleton of a character

veloped to reuse existing motion data for characters
with different sizes and body characteristics [1, 3, 6,
8, 10]. These methods are oriented toward placing
the end effectors of the resized character as close
as possible to specified positions. This approach is
appropriate for animation production, where the in-
teraction of a character with the environment is im-
portant. In contrast, the posture of a character is
mainly concerned with intra-body constraints, and
the interaction with the environment is not important
in posture-based motion retargeting. The intra-body
constraints can be represented by contact constraints
between joints and end effectors of a character and
can be handled in a simpler way than motion retar-
geting for animation. In this section, we present an
effective approach for deriving these constraints and
a simple and fast technique for posture-based motion
retargeting.

4.1 Constraints in posture-based motion
retargeting

Figure 5 shows the skeleton of a character used in our
motion-training system. We assume that in motion
training, the pose of the palm of a hand or the sole of

a foot is not important, and so joints to control palms
and soles are not included in the skeleton. We also
assume that interaction with the environment is not
important in posture-based motion training. In most
cases of motion training, such as a golf swing and
dancing, body posture plays a central role in deter-
mining the quality of the motion, not the interaction
of the body with the environment. Hence, the con-
straints we need to consider in posture-based motion
retargeting only come from the relative positions of
body segments.
Most constraints on the relative positions of the body
segments can be formulated as contact constraints
among the joints and end effectors. For the exam-
ples of such constraints, we can consider clapping
hands in dancing, the hand touching the shoulder
in a golf swing, and kicking up to a raised hand
in a Taekwondo pose. Although cases may exist
where positioning of an end effector onto the middle
of a body segment is important, this paper consid-
ers only the contact constraints among joints and
end effectors for posture-based motion retargeting.
With this simplification, we can easily detect the
contact constraints in motion data, while handling
most intra-body constraints necessary in motion
training.
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We classify the joints and end effectors in the skele-
ton in Fig. 5 into two groups: fixed parts and movable
parts. The fixed parts are the joints whose positions
are determined solely by the position and orienta-
tion of the root joint. In the skeleton in Fig. 5, the
fixed parts are the neck, left and right shoulders, and
left and right hips. Note that no end effector can be
a fixed part. The movable parts become the rest of
the joints and the end effectors. For the skeleton in
Fig. 5, the movable parts correspond to the head, left
and right elbows, left and right hands, left and right
knees, and left and right feet.
With the formulation of the contact constraints and
classification of joints and end effectors, we can de-
fine two problems in posture-based motion retarget-
ing. The first problem is determining the joint an-
gles when a movable part contacts a fixed part in the
retargeted motion (type 1 constraints). The second
is determining the joint angles when two movable
parts meet with one another in the retargeted motion
(type 2 constraints). Figure 6 shows some represen-
tative postures from a Taekwondo motion. Out of
20 constraints found in the motion, all were intra-
body constraints; 7 type 1, 12 type 2, and 1 other
constraint type (three body parts coming together).
Table 1 shows similar statistics that type 1 and 2 con-
straints are the most found in free motion, which are
the focus of this paper. In the following subsections,
we propose simple and fast solutions to these two
problems.

4.2 IK circle

A constraint of a movable part touching a fixed part
of the body may no longer be satisfied when we
scale the body segments and merely copy joint an-

Motion Length (s) Type 1 Type 2 Other Percentage of type 1 and 2

Baseball 1 19 0 15 2 88%
Baseball 2 16 0 13 2 87%
Baseball 3 16 0 14 1 93%

Taekwondo 1 16 6 12 0 100%
Taeknowdo 2 19 8 7 0 100%
Taeknowdo 3 16 10 2 0 100%
Taeknowdo 4 16 6 8 0 100%
Taeknowdo 5 21 7 12 1 95%

Dance 1 221 42 20 2 97%
Dance 2 173 26 19 1 98%
Dance 3 250 55 19 0 100%
Dance 4 89 21 11 1 97%
Dance 5 163 36 12 0 100%

Table 1. Statistics of constraints
in free motions

gles from the reference motion. For example, a hand
may no longer touch the shoulder as the scaled arms
may be too short or long. If the movable part re-
lated to a contact constraint is the left or right el-
bow, the contact constraint gives the position of the
elbow, and we can easily satisfy the constraint by
changing the joint angles of the shoulder. A con-
tact constraint for the left or right knee can be han-
dled in the same way. However, when the movable
part is an end effector, such as a hand, we need to
compute the position of the joint, such as the el-
bow, to obtain the joint angles that satisfy the contact
constraint.
Suppose that the right hand touches the left shoulder
in the reference motion (see Fig. 7a) but does not do
so with the scaled upper and lower arms (grey line in
Fig. 7b). In the reference motion, the right hand be-
longs to the plane that is determined by the left and
right shoulders and the elbow positions, because the
right hand coincides with the left shoulder. When we
copy the joint angles from the reference motion to
the scaled character, the right hand still belongs to
the plane determined by the left and right shoulders
and the elbow positions of the scaled character, but
may not reach the left shoulder.
To determine the new elbow position of the scaled
character so that the right hand may touch the left
shoulder, we form two circles in the plane with the
left and right shoulders as their centers and lengths
of lower and upper arms as their radii. When these
two circles meet at two intersection points, we se-
lect the intersection point closer to the elbow position
obtained by copying joint angles as the new elbow
position (see Fig. 7b). If there is no intersection point
– that is, the arms are too short to touch the left shoul-
der – then the constraint cannot be met. In this case,
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a type 1 constraints (a movable touching the fixed)

b type 2 constraints (a movable touching the movable)

c other constraints (e.g. three body parts joining together)

Fig. 6. Constraints in posture-based motion retargeting

the arms are configured to fully stretch but will not
reach the desired shoulder point.
A similar approach can be applied to the constraint
concerning other end effectors of limbs and fixed

parts of the body. In general, we consider the plane
that is determined by the fixed part, the root of the
movable limb, and the joint of the limb. To make the
end effector reach the fixed part, we compute the new



230 S. Baek et al.: Motion retargeting and evaluation for VR-based training of free motions

a

b

Fig. 7. Example of IK circle: the right hand touches the left shoulder

position of the joint in the plane by using two cir-
cles from the segments of the limb. Once the new
joint position is obtained, the joint angles to place
the end effector to the contact position can easily be
determined.

4.3 IK sphere

The IK sphere is a generalization of the IK circle
and used for a constraint in which two movable parts
need to meet each other. Two cases are possible for
contact constraints with movable parts. The first case
occurs with the end effectors of two different limbs.
An example of this case could be the contact con-
straint of two hands in a clapping motion. The second
case comes from the contact between the joint of

a limb and the end effector of another limb. For ex-
ample, in a dancing motion, the left hand might need
to touch the right knee.
We explain the IK sphere for the first case with
a clapping motion as an example. Suppose that two
hands meet each other in the reference motion (see
Fig. 8a) but with the scaled upper and lower arms,
the two hands do not touch if we merely copy the
joint angles. Let Ct be the vector from the center
between the left and right shoulders to the contact
point of the two hands in the reference motion. To
make two hands of the scaled character meet each
other, we first reposition the constraint point to the
new location that is determined by adding the scaled
vector αCt to the center between the left and right
shoulders of the scaled character (see Fig. 8b). The
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a b

c

Fig. 8. Example of IK sphere: clapping hands

scaling factor α is determined by the ratio of arm
lengths between the original and scaled characters.
Next, we consider the configuration of each arm
and compute the new elbow position with which
the hand can be placed onto the new constraint
point.
Unlike the case of the IK circle, the new constraint
point may not lie on the plane formed by the shoul-
der, the elbow, and the hand positions obtained by
copying the joint angles. Hence, we do not know

the plane to which the new elbow should belong and
need spheres, instead of circles, to determine the new
elbow position. We form two spheres with their cen-
ters one at the new constraint point and the other at
the shoulder (see Fig. 8c). The radii of the respec-
tive spheres are the lengths of the lower and the upper
arms. The two spheres intersect to form a circle, as
shown in Fig. 8c. The new elbow position lies some-
where on the perimeter of this intersection circle. We
select one such point by calculating a point on the
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circle with the shortest distance from the scaled el-
bow position.
A similar approach can be applied to the constraint
concerning two end effectors of different limbs. Gen-
erally, we first compute the new constraint point by
using the vector Ct from the center between two
roots of limbs to the end effector position in the ref-
erence motion. We consider each limb independently
and use two spheres to determine the new joint po-
sition of the limb. After the new joint position is
obtained, we can easily determine the joint angles re-
quired to place the end effector to the new constraint
point.
The second case that includes the joint of a limb and
the end effector of another limb can also be handled
in a similar way. In this case, we again compute the
new constraint point by using vector Ct . Then the
joint of the limb can easily be placed onto the con-
straint point by changing the joint angles of the root
of the limb. The joint angles of the limb whose end
effector should touch the new constraint point can be
determined by using two spheres as above.

4.4 Retargeting process

Once a reference motion (trainer’s motion) is se-
lected from the motion database and the trainee’s
body segment lengths are given as input, the posture-
based motion retargeting process starts by obtaining
the contact constraints among the joints and end ef-
fectors. A contact constraint is specified by the frame
at which it occurs and the pair of joints and/or end
effectors that are required to match. The contact con-
straints of reference motions are precomputed and
stored in the motion database. Using the IK-circle
and IK-sphere methods, we can determine the re-
quired joint angles at the frames that contain contact
constraints. To generate a smooth motion, we then
apply displacement mapping [2] to the changed joint
angles so that the changes are propagated to the joint
angles at the neighborhood frames. In displacement
mapping, we use the multilevel B-spline interpola-
tion [11] as the interpolation method, similar to the
previous work [10].
The posture-based motion retargeting process pro-
posed in this paper is simple and fast. The speed
of the process is important in a motion-training sys-
tem because it is natural to start a training session as
soon as possible after the trainee selects the motion
to be trained. Although simple, the IK-circle and IK-
sphere methods can handle most types of intra-body

constraints in human posture, when finger, wrist,
and ankle motions are ignored. While these methods
may not be appropriate for animation control, where
end effectors need to interact with the environment,
they are quite suitable for a motion-training system,
where the posture is more important than end effec-
tor profiles.
In the retargeting process, sometimes it might be
necessary to consider the “absolute” positional con-
straints required to place the scaled character’s end
effectors at specified points. For example, a foot
touching the ground is an absolute constraint. In this
case, to satisfy the absolute constraints, the conven-
tional motion-retargeting method may be applied to
the result of the posture-based motion retargeting
proposed in this paper.

5 Motion evaluation and advice

The goal of motion evaluation and advice is to pro-
vide the trainee with the measurement of motion per-
formance in a training session and feedback on how
to improve it. During a motion-training session, the
proposed motion-training system displays moment-
by-moment evaluation results to give an indication of
how well the trainee is following the reference mo-
tion. After a motion-training session, the overall per-
formed motion is analyzed by a curve fitting method
and the analysis results are summarized into a score.
A corrective advice to improve the score (or equiva-
lently, the motion performance) is also presented to
the trainee.

5.1 Moment-by-moment performance
feedback

In all training, including motion training, providing
constant performance feedback is crucial for enhanc-
ing the training effect [13]. To provide quick and ef-
fective feedback in a fast-paced motion training ses-
sion, the proposed motion training system displays
flashing, colored marks at important body positions
(joints and end effectors) of the reference character
(the one that the trainee is supposed to follow) ren-
dered on the screen. The marks are flashed if the
trainee correctly follows the motion by placing the
body parts at correct positions (turning the joints at
right angles) at the given moment. Different color
marks are used depending on how far off the trainee
is from the correct position. Short text or sound bites
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(such as “good” or “ankle is off”) may be associ-
ated in addition for further effects. Not to overwhelm
the trainee with too much feedback while trying to
follow the motion, the above scheme is applied only
at important joints (or end effectors), and important
frames among the whole motion sequence.
Ideally, the important joints and frames should be set
by an expert of the motion to be trained. However,
this inherently data-dependent process can be time-
consuming and tedious, especially when the mo-
tion database is large. A good alternative for choos-
ing important joints is to consider the total moving
distances of the joints, which can be approximated
by variances of the joint positions. (Here, variance
means a statistical measure, which is the sum of
the squared differences from the mean.) That is, we
choose a joint as important if it has a heavier move-
ment in the reference motion. To determine impor-
tant frames, we consider the turning points of the
motion, which can be detected by the local minimum
and maximum of joint angle profiles. To locate the
local extremes of the joint angles, we consider only
the joint angles that determine the positions of the
important joints (or end effectors). For instance, if
a hand is an important end effector, local extremes
of the elbow and shoulder joints are analyzed to de-
termined the important frames. For the sake of ex-
actness, all joint angles that affect the position of the
hand should be considered; however, in this paper,
we limit our scope to those that belong to the same
limb (i.e. just the elbow and shoulder, but not the
chest). Using this approach, we can reasonably se-
lect important joints and frames without the help of
a motion expert and heavy computation.

5.2 Curve fitting for motion analysis

Despite using both position and angular informa-
tion of the joints, the moment-by-moment feedback
may not produce a qualitative characterization of the
trainee’s performance because it is based on a lo-
cal measure. A global curve-fitting technique for
the reference and trainee’s motion curves is used
to extract and compare the global characteristics
of the two motions. In the curve fitting, a hori-
zontal shift neutralizes the effect of the short time
delay (trainee lags slightly behind in following) or
lookahead (trainee rushes ahead of time) that can
often happen in a “motion following” situation.
Without this compensation, a well-followed motion

but with a slight delay, for instance, would gener-
ate a motion curve that does not match the refer-
ence motion curve at all. After the reference and
trainee’s motion curves have been aligned, a verti-
cal shift is used to analyze the difference between
two curves. In the analysis, we compute the amount
of changes that are needed to transform the trainee’s
motion curve to the reference one. Before perform-
ing the curve-fitting process, we apply a low-pass
filter to the reference and trainee’s motion curves
to smooth out noise that may hinder an accurate
analysis.

5.2.1 Horizontal shift

A person following a motion for the first time usu-
ally exhibits a delay of at least 4 to 5 frames because
human reaction time to visual stimuli is known to be
about 180 to 200 ms [15]. These delays will be more
visible at various turning points or explicitly marked
milestones during the motion (e.g., ball-hitting point,
the moment of retracting the foot from kicking). Typ-
ically, these points appear in a motion curve as ex-
treme points, such as local maximum or minimum
points.
Figure 9 shows three cases of two slightly off-sync
motion curves with their respective extreme points
marked. The first case shows a simple situation
where clearly corresponding extreme points are dis-
cernible between the two curves with short delays
by the trainee (see Fig. 9a). In such a case with
a one-to-one correspondence, the respective points
are simply moved to the left or right. If no corre-
sponding extreme points can be found in one or the
other curve within a small time window, no action is
taken (see Fig. 9b). The third case shows many po-
tentially matchable extreme points in the trainee’s
motion curve (see Fig. 9c). In this case, we select
an extreme point closest to that of the reference mo-
tion curve with the same concavity. After detecting
the matched extreme points between two curves,
we apply time warping [16] to the trainee’s mo-
tion curve, which locally moves the curve forward
or backward to align the extreme points. The result
of the horizontal shift applied to Fig. 9a is shown
in Fig. 10.

5.2.2 Vertical shift

The amount of horizontal shifts required for the
curve-fitting process represents a temporal mismatch
between the reference and trainee’s motions. After
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a

b

c

Fig. 9. Possible configurations of extreme points

these temporal differences are resolved, the amount
of vertical shifts needed to further fit the two curves
will represent the quantitative difference in motion
(i.e., joint 1 of the trainee moved only 40 degrees
while that of the reference moved up to 50 degrees
at some time instant). Decoupling these two compo-
nents in the curve fitting is needed, because we usu-
ally do not wish to penalize the trainee excessively
for timing mistakes but to evaluate and advise the
trainee more based on qualitative mistakes. Comput-
ing the quantitative errors are only meaningful after

temporally aligning the two motion curves (albeit the
temporal alignment is not absolutely correct).
To align the trainee’s motion curve to the refer-
ence one by shifting it in the vertical direction, we
first compute the difference curve between the two
curves. From the difference curve, we can extract
a set of points at which the local maximum differ-
ences are greater than the preset threshold value.
The trainee’s motion curve is modified vertically
by fitting these points to the reference curve; that
is, the points are moved upward or downward by
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Fig. 10. Horizontal motion curve fitting

the respective difference values. The other neigh-
boring points are moved as well by fitting the ver-
tical movements by the multilevel B-spline interpo-
lation [11]. Figure 11 shows an example of vertical
shifting.

5.3 Scoring and advice

By using the curve-fitting process, we can compute
a score that measures the performance of the trainee
in a motion training session. Similar to the moment-
by-moment feedback, the curve-fitting process is ap-
plied only to the joint angles that affect the important
joints (or end effectors). The final score ranges be-
tween zero and one hundred and is a weighted sum
of the award points that are derived from the hori-
zontal and vertical shift steps. The award point from
the horizontal shift step is inversely proportional to
the sum of the amounts of forward and backward
horizontal shifts required to align the extreme points
of motion curves. The award point from the vertical
shift step is also inversely proportional to the sum of
the vertical changes of joint angles that are needed
to neutralize the local extremes of the difference
curve. The scales for converting the sums of hori-
zontal and vertical shifts to the award points can be
set by a motion expert or several experimental trials.
We can also determine the weight in summation of
two award points to the final score in the same way.
The scoring method still can assign similar scores
to motion curves with dramatically different motion

qualities. However, assuming that the user will try
one’s best to follow the motion, and with the help of
the moment-by-moment performance feedback de-
scribed in Sect. 5.1, such a case would occur very
rarely.
In addition to computing a score, the curve-fitting
process can be used to provide the trainee with two
types of corrective advice to improve motion perfor-
mance: one that reflects the time delay or lookahead
and the other that concerns the motion difference.
From the horizontal shift data, we can generate ad-
vice on the timing of the motion following, such as
“You seem to start the action too late (or too early)
at frame 100.” The amount of the vertical shift can
be used as a basis for posture advice. For exam-
ple, by analyzing the joint angle curve of the upper
arm, we can say “Your swing is too small around
frame 250.” If we mark the frames with action la-
bels, we can present more informative advice to the
trainee, such as “You seem to start the action too
late in the kicking motion” and “You seem to be
clapping in a timid fashion,” rather than using frame
numbers.

5.4 Scoring example

Due to the subjective nature of motion evaluation,
it would be difficult to validate the effectiveness
of the scoring system. To demonstrate its effective-
ness, we experimented with two types of scores: one
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Fig. 11. Vertical motion curve fitting

based on moment-by-moment comparison to vari-
ous body positions and one based on the amount
of horizontal and vertical shift required to match
the user motion to that of the reference. Note that
the moment-by-moment evaluation was performed
in the coordinate space of the joint and end effec-
tor positions. Although the evaluation can also occur
in the joint angle space, it would be more instruc-
tive to the user to express the evaluation in terms
of joint and end-effector positions. As mentioned in
Sect. 5.2, the curve-fitting procedure was applied in
the joint angle space. The two types of scores were
computed for three different users. The first user was
the same person who produced the reference mo-
tion, and reproduced the motion right after the orig-
inal motion capture, and thus is assumed to repre-
sent a subjectively good motion performance. The
other two motions were produced by other persons

who were instructed to follow the motion after see-
ing it.
Figure 12 shows three user joint-motion curves (for
one of several joints) in comparison to the reference
motion. In the figure, the red curve is the reference
motion and the green curves are the performed user
motion. The respective columns in Table 2 show
the normalized scores with respect to the “good”
motion sample a. As expected, the two “badly” fol-
lowed motions, b and c, resulted in lower scores
than the good motion sample a, in both of moment-
by-moment comparison and curve fitting. However,
contrary to the moment-by-moment scores, the mo-
tion sample c had a slightly higher curve-fitting
score, because it caught up with the reference mo-
tion ahead of the sample b after it has been adjusted
in the temporal space by a horizontal shift. By im-
proving the alignment of a motion sample to the
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a A “good” motion sample reproduced by the producer of the reference motion

b a “bad” motion sample given by another person

c another “bad” motion sample

Fig. 12. Motion curves used in the scoring example

Motion Cumulative moment-by-moment score Curve-fitting score

a 84 (1.0) 85 (1.0)
b 55 (0.65) 50 (0.58)
c 52 (0.62) 64 (0.75)

Table 2. Scoring example

reference motion with a horizontal shift, the scoring
system can deal with the situation of a user follow-
ing with only a slight delay, but in a qualitatively
similar way. Although a rigorous, scientific, and
large-scale experiment (which would not be practi-
cally possible) was not conducted, our observations
with many such motion samples confirmed that our
evaluation scheme could roughly classify closely
followed motion from those that were not, yet dealt
with the qualitative evaluation problem of “delays”
and “overshoots”.

6 Application examples

6.1 Fencing training system

We have applied the proposed motion-training frame-
work to a simple fencing training system. Figure 13
shows snapshots of the system with the converted
reference motion (solid) overlaided on top of the
trainee’s motion (gray) captured by the tracking sen-
sors. Figure 14 shows a more detailed view of the
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Fig. 13. Snapshots of the fencing training system
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a b

c d
Fig. 14. Examples of posture-oriented motion retargeting

effect of the posture-oriented motion retargeting.
Figure 14a and Fig. 14c illustrate naively adjusted
(i.e., simply scaled) motion instances, where the
sword-gripping hands are not together. This error is
corrected after applying the retargeting method in-
troduced in this paper, as shown in Fig. 14b, and
Fig. 14d. Although the illustrated examples might
seem rather trivial, the degree of such qualitative
incorrectness in the adjusted motion data could be-
come more visibly significant due to lack of the cor-
rect scaling parameters (e.g., retargeting only with
the trainee’s height information).
However, it is difficult to demonstrate that the pro-
posed method of motion training helps the trainee

to learn better compared to other systems that em-
ploy different techniques. In another paper [17],
we empirically showed the utility of using the JFM
paradigm in motion training compared to learning
in a real environment (i.e., “trainer-in-residence”,
or through books and videos). We hypothesize that
efficient and correct transmission of motion in-
formation from the trainer to the trainee will be
an important factor in improving learning poten-
tial with such a system. We believe our meth-
ods of posture-based motion retargeting and mo-
tion analysis based on curve-fitting will carry more
correct proprioceptive senses and feedback to the
trainee.
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a

b
Fig. 15. Snapshots of the motion imitation game
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6.2 Dance imitation game

The motion-training system described in this pa-
per can be configured in many different ways. We
have applied the whole training concept to an ar-
cade dance imitation game called CloneMotion (see
Fig. 15). In CloneMotion, in order to make the game
as convenient as possible for the user, low-cost op-
tical trackers, located on the ceiling and not seen in
Fig. 15a, are used for motion tracking. Because the
optical motion tracker tracks only 5 body positions,
we can render only an approximation of the user’s
full body motion. To guide the incoming motion, the
ghost metaphor has been modified to the “sliding”
ghosts form. Instead of showing a continuous move-
ment, discrete freeze frames of next imminent pos-
tures are displayed on a large monitor (see Fig. 15b).
A retargeted motion is animated by a character in
the middle, with the sliding ghosts and other mo-
tion guidance cues. As the user tries to follow the
character on the screen, the special-effect feedback
at the key posture frames and a final score at the
end provides a feel for how well the motion is being
followed.

7 Conclusion

In this paper, we proposed a framework for a VR-
based training system for free motion. To facili-
tate the framework, we presented a posture-oriented
motion-retargeting technique and motion-analysis
scheme for scoring and corrective advice. For the ref-
erence training motion, we regard the overall posture
to be more important than preserving an absolute
positional profile, which makes our retargeting for-
mulation more simplified than previous approaches.
Although the IK-circle and IK-sphere techniques
can handle intra-body constraints with two links, the
method is sufficient for most free motion. Consid-
eration of interaction constraints (e.g., touching an
external object) is one of our future topics. A curve-
fitting technique is used to neutralize the differ-
ence between the reference and trainee’s motion
curves, and the information for performance eval-
uation and corrective feedback is obtained through
a curve-fitting process. We expect these approaches
to be useful in similar VR-based motion-training
applications.
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