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Abstract. In this paper, we present an integrated framework with easy and ef-
fective techniques to generate new motions of a character in real-time, using 
only a short segment of motion data. In this framework, a sequence of segment 
copies are strung together and then smoothed by a transition method at a junc-
tion of two consecutive segments. We use IK thought for the transition to solve 
the foot-slide problem at the junctions. Given a new motion path, we combine 
the IK constraints and the sequence of smoothed motion capture data to adjust 
the human-like model. Based on only a sample motion segment, our method 
can generate a sequence of motions following an arbitrary path specified by the 
user. Furthermore, it is easy to implement and can be applied to highly kinetic 
motions. The experimental results demonstrate our scheme. 
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1   Introduction 

Character animation is an important research topic in Computer Graphics community, 
which mainly focuses on human modeling and human motion simulating. Animation 
of human walking is a crucial problem. It is getting more and more popular and many 
synthetic scenes involve virtual human characters in both 3D films and 3D video 
games. However, realistic human walking generation is still a challenge because we 
are very familiar with human behaviors and highly sensitive to any factitious motion. 

Motion capture technique is helpful to preserve the detail information of the per-
former’s behavior for physical motion realness as much as possible, such as the per-
sonality or the mood of the performer. But what we obtain with motion capture 
equipment is just a set of motion data performed by an actor according to require-
ments, providing a motion toward a specific direction and lasting a certain time. If the 
requirement changes or a new one is proposed, it’s not only inconvenient but also 
expensive to hire the actor in special clothes for motion capture to perform the re-
quired motion. It highly demands that new motion can be automatically generated 
from the existing motion data library. 

In this paper, we make efforts to solve a problem of generating a realistic motion 
from capture data but in a different motion path. We propose easy and effective tech-
niques for the free walking animation of human in real time regardless of the new 
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path shape. In our method, only a short segment of walking data along a straight line 
is required. We transform it into a lasting motion with a new path. We also overcome 
the feet-sliding problem in path editing using constraint-based inverse kinematics 
method. Our method can reuse the existing data while preserving the physical reality. 
The experiments demonstrate that our method can be put into a variety of applica-
tions, e.g. the character detouring a road-block or approaching through a different 
route. It can also be applied to other periodical motions, e.g. running. 

This paper is organized as follows. First we review some related work in Section 2. 
Then we introduce some basic knowledge on human skeleton model and regular pat-
tern of human walking in Section 3. In Section 4, we consider each problem of our 
method in turn. The implementation and the experimental results are presented in 
Section 5. Finally, we conclude with a discussion of future work in Section 6. 

2   Related Work 

By far, the common methods for character animation can be mainly classified into 
three categories: kinematic animation, dynamics animation and animation based on 
motion capture data [1, 2]. 

 Kinematic animation 
Kinematic methods treat the human body as a massless linkage. Kinematic animation 
includes forward and inverse kinematics. Forward kinematics specifies the state vec-
tor of an articulated character over time. This specification is usually done for a small 
set of key-frames, and the positions between them are usually obtained by interpola-
tion techniques. The choice of appropriate interpolation functions has been well stud-
ied by A. Watt and M. Watt [3]. Designing key-frames is the task of an animator and 
the quality of the resultant motion deeply depends on his/her skills. Physical and bio-
mechanical knowledge is helpful to design high-quality key-frames. The inverse 
kinematics (IK) is more effective than forward kinematics when the motion are lim-
ited by some constraints, such as that the support foot is not allowed to penetrate into 
the ground, to flow above the earth, or to slide slightly. Girard and Maciejewski [4] 
proposed a method to generate the motion of joints using IK. In this method, the ani-
mator specifies the positions of feet in the world coordinate system, and then calcu-
lates the rotation angles from the foot joint to the hip joint using inverse Jacobian 
matrix. It is also useful to solve the foot-slide problem. Boulic et al. [5] first use a 
standard forward kinematics approach to generate interpolated key-positions. Tolani 
et al. [6] developed a set of inverse kinematics algorithms to calculate the motion of 
human limbs. 

 Dynamics animation 
Dynamics methods also regard humans as an articulated joint system or a multi-rigid-
body system, but each component has a mass. These methods can be classified as 
forward dynamics based method, the trajectory optimization method and controller 
based method. They may be used either for adding constraints that guarantee certain 
realistic details to a predefined motion, or for directly synthesizing the walk. Both of 
forward dynamics based method and trajectory optimization method are based on the 
dynamic equations of multi-rigid-body system. In order to avoid the singularity  
of Euler angles, Nikravesh [7] proposed a matrix form equation of dynamics by  
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expressing the rotations of the rigid body as unit quaternions. Armstrong et al. [8] and 
Wilhelm et al. [9] proposed a method using forward dynamics integration to simulate 
the human behavior, but it is not yet intuitive since it is accomplished through setting 
the force and the torque indirectly. The trajectory optimization method can be under-
stood as the inverse dynamics. As for the controller based method, the proportional-
derivative (PD) controller is used in [10, 11, 12], and a finite state automation is built 
to describe the whole movement. In each joint, the PD controller generates the torque 
to drive human moving. Both kinematics and dynamics are often mixed to improve 
the generation quality. Van Overveld et al. [13] used the mixed method to stimulate 
human walk in curve path: At first, controlling the movement of the leg by kinematic 
methods, and then stimulating and optimizing movement of the other joints by  
dynamics methods. 

Various kinematics and dynamics methods drive the model in character animation 
to behave as a human, and the utilization of physical and biomechanical knowledge 
also enhance reality. However, even the most advance motion model cannot generate 
motions as realistic as a living person does, needless to say the high computation cost. 
The development of motion capture techniques makes it feasible to preserve the 
physical realness. 

 Animation based on motion capture data 
Many researches have been carried out to edit motion capture data to make the char-
acter behave beyond the captured motion. Rose et al. [14] presented a framework of 
motion blending based on scattered data interpolation with radial basis functions. For 
a smooth motion transition, they used the sinusoidal function for smoothing and a 
verb graph (also called motion map) to describe the process. Park et al. [15, 16] pro-
posed an on-line motion blending scheme to control a virtual character in real time 
from one behavior motion to another. To retarget the new motion to the character, an 
importance-based approach in [17] is used. But the postures of the other joints are 
computed algorithmically, not so realistically as recorded in capture data. Semancik et 
al. [18] transformed the individual movements to continuous motion by motion blend-
ing, in which the motion of various step lengths can be generated, but the motion 
orientation is limited. Li et al. [19] proposed a method based on functional principal 
component analysis. In this method they transformed the original motion with high 
dimension to the low dimension; then adjust parameters to blend new motions and 
control the character. But the analysis of data is linear, which cannot fully describe 
the relativity of motion sequences. M. Gleicher [20] provided a method allowing for 
path-based editing based on existing motion data, but it cannot deal with a sharp turn-
ing. It is similar to our method, but our method is easier to implement and fits to a 
sharp turning.  

3   Preliminaries 

We will give related knowledge on skeleton model and human walking in this section. 

3.1   Skeleton Structure of Human Model 

Many manufacturers produce motion capture equipments. They employ similar skele-
ton models except for slight differences in joints for captured motion information. 
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Here, we choose the skeleton model as shown in Fig. 1, but our method can be ap-
plied to the others. 

In this model, 18 joints are selected in all besides the End-Sites. The root, also 
called hips, has 6 degrees of freedom (DOF), including 3 DOFs for translation and 3 
DOFs for rotation, while the others have 3 only for rotation, respectively. For the 
rotational DOFs, we transform the Euler angle into quaternion form to get rid of the 
Gimbal Lock problem. Gimbal lock is the loss of one degree of freedom that occurs 
when the axes of two of the three gimbals are driven into the same place and cannot 
compensate for rotations around one axis in three dimensional spaces. The End-Sites 
have no DOFs, but only to present the model more vividly. 

Fig. 1. Skeleton structure of human model 

 

Fig. 2. Characteristic phases of a walking motion [1] 

3.2   Circular Motion of Human Walking 

Human walking is a kind of regularly circular behavior. An abstract walking model is 
a succession of separate phases in biomechanics [21, 22]. It characterizes human 
walking as four phases according to the time when foot-strikes FS (the foot contacts 
the ground) and takeoffs TO (the foot leaves the ground). In gait terminology, a stride 
is defined as a complete cycle from a left foot takeoff to another left foot takeoff, 
while the part of the cycle between the takeoffs of the two feet is called a step. Four 
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foot-strike and takeoff events occur during a stride: left takeoff (LTO), left foot-strike 
(LFS), right takeoff (RTO), and right foot-strike (RFS). This leads to the characteriza-
tion of two motion phases for each leg: the period of support is referred as the stance 
phase and the non-support is referred as the swing phase. As Fig. 2 shows, the con-
tinuous shifting between two phases is a walking cycle. 

4   Motion Editing 

In this section, we will explain in detail how to generate a new walking motion with-
out limits of duration and original path. At first, we transform a segment of one walk-
ing cycle into a sequence of cycles in the direction of capture data. Foot-slide is then 
eliminated by our IK method, which is simple to implement. Next, a new path is de-
signed as required to guide the character’s walking. After that, the posture is modified 
to meet the new path. This step is the key to generate a pleasing motion with arbitrary 
walking path. We deal with the upper part of the body and the lower part separately. 
The general flowchart of the whole system is shown in Fig.3.  

 

Fig. 3. General flowchart of the system 

4.1   Generation of Continuous Walking 

As we mentioned in Section 3.2, the continuous walk is formed by a series of separate 
strides linked end to end. So we regard a stride as a bead and string it repeatedly to 
produce a necklace. We get a continuous walk map, as shown in Fig. 4.  

Fig. 4. Continuous walk map 

It should be noted that the last posture of a stride is usually similar to the first one, 
possible with nuances. As shown in Fig. 5(a), four frames are extracted from one 
stride of walking motion. The two shaded frames are the initial and the last, respec-
tively. Their related postures are quite similar. However, simple links as Fig. 4 usually 
cause visual shakes at the junction between the last frame of the preceding stride and 
the first of the succeeding because of such nuances. In order to solve this problem, we 
use motion transition techniques to smooth the shake. In [15], a motion blending 
method was proposed to generate a new motion between two different motions, in 
which the transition is realized by the sinusoidal function [14], as shown in Fig. 5 (b). 
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Sampled walking of one stride (Left), 

Blending function (right) 

Fig. 5. Samples of one stride and the blending function 

We also use the transition function, but we use different transition period. In other 
work, the transition begins at a certain key frame in the preceding stride and ends at 
the first frame of the succeeding. In our work, the transition end at a certain key-frame 
of succeeding stride instead. This choice makes the transition perform more naturally. 

The transition function provides a weight α to mix two source postures to target 
postures in transition period. Let T = [t*,0

I, t
*,1

I] be the period of the transition in Stride 
I as shown in Fig. 6., where t*,0

I and t*,1
I 

 represent the first and last frame numbers  
of the period counting from the initial frame of Stride I; b means the beginning part of 
the current stride to be linked with the preceding stride and e means the ending part of 
the current stride to be linked with the succeeding one. Usually, the beginning part 
period is equal to the ending part period. 
 

Fig. 6. Linking of strides using the transition function 

For the transition between two consecutive Strides A and B, the root joint’s posi-
tion p0(t

i
A, B) of the transition motion at each frame i∈T is computed as: 

 ,0 ,1
,( ) ( ) (1 ) ( )i e b

0 A B 0 A 0 Bt t tα α= ⋅ + − ⋅p p p  (1) 
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where p0(t
e,0

A) is the root position of the first frame in the ending part of A and 
p0(t

b,1
B),is the root position of the last frame in the beginning part of B. The sinusoidal 

function mentioned previously is presented as: 

5.0)cos(5.0 += πα b  (2) 

where b=(f-tA
e,0)/(tB

e,1- tA
e,0), f is the number of the current frame. Equation (1) is suit-

able for translational DOFs.  
For rotational DOFs, the angles are represented with quaternion, so the slurp 

(spherical linear interpolation) function [23, 24] is employed: 

,1 ,1 ,0 (1 )
,( ) ( ) ( ( ) ( ))i b b e

n A B n B n B n At t t t α−= ⋅ ⋅-1q q q q  (3) 

where qn(t
i
A,B) is the nth rotation DOF of the transition motion at frame i∈T, qn(t

e,0
A) 

is the nth rotational DOF at the first frame in the ending part of A and qn(t
b,1

B) is the 
nth rotational DOF at the last frame in the beginning part of B. The total transition 
period equals to two times of T. This period should last appropriately, usually less 
than a step time. Finally, we use the synthesized motion at each frame i∈[tA

e,0, tB
e,1] 

as the target motions in the transition period. 
The transitions between other strides are dealt with in the same way. In our 

method, it is unnecessary to make time warping and to find the key times [15] before 
transition. 

4.2   Elimination of Foot-Slide 

In Section 4.1, we have not considered the foot-slide phenomenon in transition yet.  
To eliminate the sliding, an IK constraint is subjected to the supporting foot on the 

ground. IK constraint is commonly used, but it is usually accompanied with compli-
cated algorithms. In this work we propose a new method to do so, which is much 
easier to implement. We have pointed out in Section 2 that there are two phases of 
each leg during walking, and for most time, two legs stay in different phases. We 
define the key-time as the time point when one foot transforms from swing state to 
stance state. When the key-time begins, the constraint of one foot comes to work to 
fix the position of this foot on the ground, and hold on until another foot strikes the 
ground. When the constraint of one foot begins, the constraint of the other ends. 

In BVH data from motion capturing, the translational DOFs of the root give the 
character’s position in the world coordinate system. The positions of other joints are 
determined by the rotational DOFs with their father joints. The position of the sup-
porting foot is recorded when the supporting foot strike the ground before the transi-
tion period according the BVH data. Since the position of the supporting foot is fixed 
on the ground, the positions of other joints can be determined based on this position.  

Assume the position of the supporting foot is p in the world coordinate system. We 
transform all joints into this system. As shown in Fig. 7 (Left), suppose the left foot is 
the supporting foot and its position is ple in a synthesized frame with a foot-slide. The 
positions of the other skeleton joints are obtained in much the same way according to 
the names defined in Fig. 1, e.g. the left knee is plk. The arrows in this figure represent 
the difference vectors from ple to the other joints and reflect the positions relative  
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to ple. For example, the difference vector between plk and ple is vlkle= plk - ple. The 
positions of the other joints can be computed by translating their difference vectors to 
the position of the supporting foot, e.g. vlkle + p. Finally, a realistic walking motion 
without foot-slide is generated. Fig. 7 (Middle and Right) shows the comparison be-
tween the walking with and without constraints. In red circle region of Fig. 7 (Mid-
dle), the supporting right foot is sliding between two frames. After processing with 
our method, the right foot is in the fixed position when it works as the supporting 
foot, as shown in Fig. 7 (Right). 

 

  
 
The difference vector (Left), Strides’ link without (Middle) and with (Right) constraints 

Fig. 7. The difference vector and elimination of foot-slide 

4.3   Design of Path 

We now propose a scheme to design a new path. 
The length of the path is related to the number of frames in motion. A walking 

curve can be thought of as many a set of line segments connecting head-to-tail. As-
suming that the whole motion has N frames and the length of motion path is L, the 
path is sampled into N-1 segments by N points, each of which has the length of L/(N-
1). As shown in Fig. 8, the angleθbetween two segments changes the walking direc-
tion along a curve path.  

A path can be represented as a function to fix the coordinates of the junctions. Here 
we denote the generic path as c(t) and the path can be defined as:  

0

s( ) c( )

/ 0,1,2, , 1

c '( )
T

n n t

t T N n N

L t dt

⎧ = ⋅Δ⎪⎪Δ = = −⎨
⎪

=⎪⎩ ∫

L
 

 

(4) 

where s(n) is the n-th samples of the path; L is the length of the path; T is the lasting 
time; N is the number of frames. c(t) can be set as various curves , such as a circle, a 
sinusoidal curve, or a B-spline curve. 
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Fig. 8. The straight-line segments and angles between them 

4.4   Adjustment of Skeleton for New Path 

After the above operations, we are ready to adjust the whole skeleton to walk along 
the designed route. This a key stage to achieve a good performance. 

Fig. 9. The rotation of difference vector byθ 

The angle θ between two consecutive segments indicates that the character needs 
to rotate by this angle in order to follow the designed path. In motion capture data, the 
skeleton rotates around the hips root. However, the intuition tells us that the whole 
body rotates around the supporting foot rather than the root joint when turning.  
Another fact we discovered is that, at a turning, people rotates the whole body with 
stepping forward, not making the rotation during the double support phase (See Fig-
ure 2). This discovery is helpful for us to solve the problem. 

Although the rotation and forward stepping action proceed synchronously, we deal 
with them separately. Since the generation of postures at a frame has been completed 
in foot-slide elimination, the rotation of the skeleton is the last problem to meet the 
angleθ. The rotation around the supporting foot can be done by rotating other joints, 
respectively. It is factually the rotation of corresponding difference vectors around the 
vertical axis crossing the foot. We take vlkle for example.  

As in Fig. 9, the rotation of the left knee around supporting foot is complete by the 
rotation of vlkle around the foot. We make vlkle rotate byθ to the new position v'lkle as: 

lkle lkleθ='v R v  (5) 

where Rθ is the rotation matrix byθ. The treatment can be applied not only to a generic 
path but also to a sharp turning, which is not considered [15]. But the character needs 
to rotate by a larger angle at a sharp turning. 

Here, we divide the skeleton into the upper part and the lower part at the chest 
joint. The above operations are performed on joints of the lower half of the body. The 
upper part can be dealt with in the same manner as the lower half. But a better and 
easier way is first to translate the chest joint to the skeleton to be generated by using 
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the difference vector between the supporting foot and the chest joint and then to rotate 
it byθ. Unlike the lower part, the joints of the upper body are all sub-nodes of the 
chest joint, so the rotation of the upper body can be controlled totally by the rotation 
of the chest joint. This method simplifies the processing and reserves quite as much 
the motion details. 

5   Experimental Results 

Experiments were performed on a Pentium PC (2.4GHz Core2 Quad Processor, 3GB 
memory).  

 

(a) Side view  (b) Top view  (c) Bottom view 

Fig. 10. Rotation around the supporting foot 

Fig. 10 shows the rotation around the fixed supporting foot by 360°. In order to 
demonstrate the unchanged postures after rotating arbitrary angles, we display the 
result at three viewpoints: from the side view, from the overlooking view and from 
the bottom view. Every model rotates by 120°in turn. 

Since the rotation of the skeleton by any angle is achieved, walking along arbitrary 
path can be achievable too. As shown in Fig. 11(a), the original motion is toward the 
positive z-axis. We choose four different paths for the character to walk: a straight 
line at 45°from the direction of the positive x-axis in (b), a circle in (c), an ellipse in 
(d) and a sinusoidal curve in (e). The original walk lasts 75 frames and the resultant 
walks last 8 times longer. The rate to play is 60fps. All results are satisfying. It should 
be noted that the path is only a guide direction for human walk in our method. The 
character doesn’t walk exactly on it. 

The experiments demonstrate that our method can be used to a variety of applica-
tions, such as making the character walk bypass the encountering objects or approach 
the goal location through different route. Besides human walk, it can also be applied 
to other periodic motions, e.g. running. Because of low computational cost, the new 
motion can be generated in real time, which is be beneficial to some real-time applica-
tions, such as 3D video games. 

Fig. 12 shows the same experiments but for a female character. The original walk 
has 38 frames and the resultant walks last 8 times longer. The rate to play is 30fps. 
The performance is also good. 

As pointed out in section 4.4, our method is also suitable to the sharp turning. To 
demonstrate it, we sharpen the turning of the path and put two different characters on 
this path for experiments. 
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Fig. 11. Various paths of walk 

 
Fig. 12. Various paths of walk for female character 
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(a)Sharp turning (b) Walk on sharp turning 

Fig. 13. The walk on the sharp turning (male character) 
 

(a)Sharp turning (b) Walk on sharp turning 

Fig. 14. The walk on the sharp turning (female character) 

In Fig. 13, the purple character represents the motion before the turning, while the 
green represent the after. In Fig. 14, we use the character of a female one with differ-
ent motion style. The orange character represents the motion before the turning, while 
the blue represent the after. We can see the performance at the turning is pleasing. 

6   Conclusions 

Motion capture can record physical information of human motion faithfully. Based on 
the captured data, highly realistic character animation can be regenerated in contrast to 
model based methods. In order to enhance the utility of motion libraries, it strongly 
demands that a single motion segment can be applied in a wide variety of settings. For 
this purpose, four issues need to be addressed effectively: continuous walking genera-
tion, foot-slide elimination, path design and skeleton adjustment for a new path. How-
ever, most current work focuses on some parts but not a whole one. In [20], all of these 
issues are considered, but its framework is just a simple combination of some existing 
methods, and it could fail for highly kinetic motions, e.g. a sharp turning. 

In this paper, we have proposed an integrated framework for the purpose. Our 
method employs effective techniques for automatic generation of free walking in real-
time with optional lasting duration and motion path, based on captured motion data. 
Our method is purely geometric and is easy to implement, in which there are no com-
plicated mathematical algorithm and notion of physics. Furthermore, it can fit to a 
highly kinetic motion, e.g. a sharp turning. The experiments demonstrate the effects 
of our feasible scheme. It can be put into a variety of real-time applications. Besides 
human walk, our method can also be applied to other circular motions, e.g. running. 

Our framework still has much room to be improved. For example, the resultant 
walk by our current method does not follow the desired path perfectly. We plan to 
address them to make it more robust and flexible in the future work. 
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