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Abstract. Interactive control of 3D avatar motions has important applications 
in computer games and animations. Most of the current games directly map the 
inputs of a user into canned motions of the 3D character under control. How-
ever, an ideal user interface should be more like a human moving in the real life 
where appropriate motions are chosen according to the environment in the front. 
In this paper, we have developed an intelligent control interface that helps the 
user to look ahead a few steps and search a motion library organized in a mo-
tion graph for the most appropriate motion for execution. The search is con-
ducted incrementally with the best effort in each frame according to a given 
available time budget. We have developed a best-first strategy to maintain the 
search tree in a way that the number of useful nodes is kept as large as possible. 
Experiments on several example scenes have been conducted to illustrate how 
this mechanism can enhance the usability of 3D avatar control from a third-
person view.  

Keywords: Interactive Motion Control, Intelligent Avatar Motion, Intelligent 
Interface, Third-Person View. 

1   INTRODUCTION 

The ability to control 3D avatars interactively is crucial for many applications such as 
3D computer game and virtual environment. It is especially important for the control 
with a third-person view (such as the one shown in Fig. 1), where the whole body 
motion is visible and controlled by the user. However, it has never been easy to con-
trol a 3D character with many degrees of freedom (DOF) by the use of simple low-
DOF devices such as mouse and keyboard [13][1]. Most computer games today map 
user inputs into canned motions, which are usually triggered according to some finite-
state machine. The quality of these motions is good because they were acquired from 
real performers by motion capture techniques. The way of selecting a good motion 
may be hard-coded in the program for a specific environment or selected by the user 
interactively. However, these mechanisms all create some burdens at the design or the 
run-time stage.  

We think an ideal user interface for interactive control of 3D avatar motions should 
be more like a human moving in the real environment, where he/she always looks 
ahead a few step to plan for a feasible motion that can achieve his/her high-level goal 
while avoiding obstacles. An avatar control program with an intelligent user interface 
should release the burden of the game designer as well as the user in handling envi-
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ronmental constraints such as collision avoidance and automatically resolve these 
motion selection problems, which are less related to the game logics. In this paper, we 
propose an intelligent control mechanism that considers a few steps beyond the cur-
rent position of the avatar and automatically selects the most appropriate motion clip 
from a motion library for the user. The system maintains a dynamic tree of feasible 
motions in real time while the user is controlling the movement. A best-first strategy 
has been developed to explore and maintain the most promising and useful portion of 
the exploration tree for a given time budget in each frame update. 

We organize the rest of the paper as follows. We will review the work pertaining to 
our research in the next section. In Section 3, we will model the user interface prob-
lem formally. Then, we will propose our real-time search algorithm to maintain the 
search tree incrementally and select the best action for the next time frame. In Section 
5, we will show some experimental results obtained with our system. Then the paper 
will be concluded with future research directions. 

2   RELATED WORK 

In the literature of computer animation, animation of human figure can be generated 
with three categories of approaches: key-framed, dynamics, and example-based. 

The key-frame based approaches use interactive authoring software or procedures, 
or rules to create key-frames and appropriate interpolation between key-frames 
[2][15]. It is tedious to generate animation of human figures with key-frames even 
with the sophisticated animation software available today. If the key-frames are gen-
erated in a procedural manner, then the generated animation could be made adaptive 
to environmental constraints such as moving on an uneven terrain. 

The dynamics approaches model the dynamics properties of a human character and 
use simulation and control to create animations [6][14]. An advantage of this type of 
approaches is that the generated animations could be realistic and flexible if the phys-

 
Fig. 1. Interactive avatar control from a third-person view 



ics model is correctly constructed. However, a physically sound model is not easy to 
build, and the performance of simulation is not real-time in general. 

The example-based animation is the most popular approach in recent years. It usu-
ally refers to the animations acquired by the technique of motion capture. The advan-
tage of this technique is that the captured motions are reproductions of real human 
motions and thus are the most realistic. However, the captured motions lack flexibility 
in situations where the human model or the environment is different from the time 
when the motions were captured. 

Recent work in the computer animation literature strives to solve the above prob-
lems to make captured motions more reusable for different characters and environ-
ments. For example, a common approach is to use spacetime constraints or optimal 
control strategies to retarget the motion for the model of a new character [4][5]. Syn-
thesizing a new sequence of motions from a motion library is also a common objec-
tive. Kim et al. used signal processing techniques to segment motions into elementary 
clips that can be used to synthesize new motions [8]. Gleicher organizes elementary 
motion clips into a motion graph that connect nodes (motion clips) with similar con-
nection frames and use motion wrapping and blending techniques to generate smooth 
transition between two motion clips [9]. Lee et al. [10] organized the motion clips in a 
two-level graph, where the higher level organizes the type of motions into groups and 
the lower level selects a motion clip in the chosen group. 

Due to the limited degrees of freedom available on common input devices of a 
desktop computer, several intelligent user interfaces have been proposed to make the 
task of 3D navigation or character motion control easier. For example, in [12] and 
[11], motion planning techniques and virtual force field have been used to improve 
navigation efficiency. In [7], a real-time motion planning algorithm was used to gen-
erate compliant motions for an animated character to avoid obstacles. The motions 
were generated at run time but limited to the upper-body motions generated proce-
durally. In [10], Lee et al. used three types of interfaces (menu, sketching, and images) 
to help a user select appropriate motion clips from a motion library. The menu inter-
face prompts the user with a list of candidate motions at the end of a clip while our 
approach constantly looks ahead a few steps in every frame and selects the most ap-
propriate motion automatically. 

3   PROBLEM MODELING 

In this section, we will first review how the third-person view is used to control the 
animated avatar in common computer games. Then we will introduce the concept of 
motion graph, which is used to organize the motion library for synthesis purpose. 

3.1   User Inputs  

The third-person view is a common control interface for many 3D games such as Bio 
Hazard and Final Fantasy. For a given virtual scene, the designer usually place several 
cameras at appropriate locations of the scene to cover all regions that may be visited, 
as shown in Fig. 2. A typical game with the third-person control switches between 
these cameras automatically when the avatar moves. The user uses simple control 



devices such as keyboard (arrow keys) or mouse (dragging) to specify the desired 
direction for the animated character to follow. Since the direction is specified with 
respect to the virtual cameras instead of the avatar, this type of control is usually 
called the third-person control. The direction for movement specified in the camera 
coordinate system is transformed into the avatar’s local coordinate system in order to 
determine the next motion to take.  

Most games adopt a finite state machine to map the user’s inputs into the avatar’s 
motions according to the current location and state of the avatar. If the game allows 
the avatar to move in an unconstrained manner, some real-time collision detection 
mechanism usually needs to be employed to prevent the avatar from running into 
obstacles. When a collision is detected, some special motion sequence is used to avoid 
the situation or the user needs to back up the avatar by taking some awkward maneu-
vers. It is awkward because in our daily life, while moving in a cluttered environment, 
we usually look ahead a few steps in the front to select an appropriate motion to avoid 
bumping into obstacles. We believe that an intelligent interface for 3D avatar control 
also needs to support this feature to make navigation easier. 

3.2   Motion Graph  

Usually after the game logic is finalized, the desired motions of the avatar are then 
generated by 3D animation software or motion capture devices. These generated mo-
tions are only good for this game. As mentioned in the previous section, much work 
in the literature of computer animation strives to develop technologies that can reuse a 
large library of motion data. Motion graph is one way to organize the motions in the 
library for motion synthesis. Each node in a motion graph represents a motion clip in 
the library while the edge between two nodes means that a smooth transition between 
the two motion clips is feasible. 

A common way to make use of the motion graph is to develop an interface that al-
lows animation designers to specify high-level constraints (such as a rough path trace) 
and let the system synthesize a sequence of motions from the motion library that can 
satisfy the given constraints. Most of the previous work makes use of motion graph in 

 
Fig. 2. Automatic transition of cameras from a third-person view 

 



an off-line manner. In our work, we hope to develop an intelligent interactive inter-
face that can incorporate real-time planning into the control loop of the user interface 
in order to facilitate the navigation of a 3D avatar. The system should be able to look 
ahead a few steps and choose the most appropriate motion for the avatar according to 
the inputs from the user, the available motion clips in the motion library, and the 
obstacles in the virtual environment. For example, in the scenario of Fig. 3, the avatar 
is at a decision point of moving forward, turning left or turning right. For a smooth 
motion control, the system should be able to look ahead a few steps and select the 
motion clip that obeys the command of the user in principle while avoiding running 
into obstacles. In this case, making a left turn is the only feasible choice. 

4   FEASIBLE MOTION TREE (FMT) 

The system is given a motion library that is suitable for an avatar to perform the re-
quired tasks in a game. The user specifies the desired movement for the avatar from a 
third-person view. The main problem, as described in the previous section, is how to 
select a good motion clip from the library according to the user input and the envi-
ronmental constraints. In the following subsections, we will first describe how we 
incrementally maintain a feasible motion tree in real time and then the best-first strat-
egy that has been developed to keep the motion tree as useful as possible over time. 

4.1   Maintaining Motion Tree in Real Time 

As the computer hardware becomes more powerful, extra CPU cycles can be used to 
increase fidelity or ease of use of an application. It is generally accepted that the mini-
mal frame rate for a 3D game is 15 frames per second (fps). If the frame rate of the 
game in a computer is higher than this value, the extra CPU cycles can be exploited to 
assist navigation. We define feasible motion tree as an exploration tree of the motion 
graph. A node, denoted as Nk=(Mi,Pj), in a feasible motion tree contains the candidate 
motion clips and the positions (3D coordinates) of the avatar’s skeleton root for exe-
cuting the clips. The root of the tree is the current motion and the nodes below it are 
the motions that may be selected from the current motion clip in the next few steps. 

   
Fig. 3. Problem of selecting an appropriate motion clip with a third-person control 

 



For example, in Fig. 4(a), assume that we are given a motion graph consisting of 
six nodes. A directed arc between two nodes represents a feasible transition from the 
source to the sink. For example, in Fig. 4(b), M2, M3, and M4 are the possible next 
motion clips according to the motion graph in Fig. 4(a). However, assume that execut-
ing M4 from location P2 results in a collision and makes (M4, P2) infeasible. M2 and 
M3 are two feasible motions that can be used for the next step. When the time is al-
lowed in every frame, the tree will continue to grow as more motions are tested for 
feasibility for the subsequent steps. As the motion clip for the current step is finished, 
the most appropriate next motion clip in the feasible motion tree is selected according 
to some criteria described in the next subsection. When the next motion clip starts, the 
root node of the tree moves downward and the sibling subtrees are pruned accordingly, 
as shown in Fig. 4(c). 

An example of feasible motion tree in our experiments is shown in Fig. 5. The ava-
tar started at a position shown in Fig. 5(a) where the feasible motion tree contains 
only the root node. The tree grew incrementally by using the spare time of each frame 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. For the given motion graph in (a), maintaining feasible motion tree at steps (b) s=n and (c) 
s=n+1 
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Fig. 5. Feasible motion trees maintained at different stages (a) initial state (b) after several 
frames of idle (c) starting moving (d) maintaining tree while moving 
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after finishing graphical rendering at a user-specified minimal frame rate. Since the 
user did not issue commands to move the avatar for a while, the tree grew to a signifi-
cant size after a couple of frames as shown in Fig. 5(b). Sampled frames in the motion 
clips maintained in the tree were overlaid on the screen to show the size of the tree. 
As the avatar started to move in Fig. 5(c), the tree was pruned accordingly as the root 
of the tree moved down. Once a new motion clip was chosen for execution in the next 
step, only the selected branch of the tree remained and new leaves continued to grow 
on this branch, as shown in Fig. 5(d). 

4.2   Exploration Strategies 

Given a limited amount of time for exploration in each frame, the quality of the se-
lected motion depends on the strategy of exploration in the motion graph. A straight-
forward strategy is a breadth-first approach that explores the motion graph in a 
breadth-first fashion. However, we think a good exploration strategy should be able to 
grow the most useful branch of the feasible motion tree. For example, the criteria for 
selecting the best node for growing should consider the depth of the node in the tree 
as well as how the motion fits the current input of the user. There are many possible 
ways to design the criteria of goodness. In this paper, we have designed a best-first 
strategy as described below. 

We assume that each node is associated a base priority pb, where 0<pb<1. This pri-
ority reflects the likelihood of this node being used in the future movement of the 
avatar according to the input command of the user. We first transform the input com-
mand, specified as a vector, u, in the camera space into the coordinate system of the 
avatar. For each motion clip, we compute the vector of relative movement, r, by tak-
ing the difference of the avatar positions before and after executing the motion clip. 
As illustrated in Fig. 6, for a given node Nk, in the feasible motion tree, the movement 
(vk) relative to the current position can be computed by taking the sum of r of the 
nodes along the path, denoted by σk, backtracked to the root node. That is, ∑=

k
irkv

σ
. 

The angle αk between u and vk indicates how the resulting motion matches the current 
input of the user. We then use a function g to map αk to pbk in [0, 1]. That is, pbk 
= )),(( kvug ∠ . We call this way of computing the priority the command matching 
method. In the spare time of each frame, we select the leaf node with the highest pri-
ority for exploration. The priority, pk, of a leaf node, Nk, is computed by multiplying 

 
 
 
 
 
 

Fig. 6. The command matching method for computing the priority of a node Nk. 
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pbk of all nodes along the path σk to the root (That is, ∏
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lower the nodes in the tree or the less they matched the input command, the lower 
priority a leaf node will get. 

4.3  Selection Criteria for the Next Motion 

When the current motion clip comes to the end, the system selects a most appropri-
ate clip for the next step. The criteria for selecting the next motion clip in our system 
is based on the information collected in the current feasible motion tree as well as the 
input command from the user. We assume that a good choice of motion for the next 
step should be able to guarantee that the next few steps ahead are feasible according 
to the current input. Since the priority value of each node in the tree reflects how the 
resulting motion matches the user command and we have grown the tree according to 
the feasibility and priority of the leaf nodes, the structure of the feasible motion tree is 
a good indicator for selection. We compute the weighted sum of the priorities values 
for all the nodes in a branch and select the child with the highest sum among all chil-
dren of the root. The weights of the priorities are smaller at lower levels of the tree, 
and their values are determined empirically for now. 

5   EXPERIMENTS 

5.1   Implementation and Experimental Settings 

We have implemented the intelligent interface for avatar control in a 3D navigation 
program based on the Direct3D library on the Windows platform. Keyboard is the 
input device used in the experiments. The motion clips used in our experiments are 
modified from the motions in the motion capture database provided by the CMU 
graphics laboratory [3]. The collisions between the avatar and the environment are 
detected by using the method based on the axis-aligned bounding boxes (AABB) [16] 
of the geometric models of the objects in the scene, as shown in Fig. 7. The avatar is 
checked for collisions in every frame of a motion clip, and a motion clip is valid only 
if all of the frames in it are collision-free. The 3D scenes used in our current experi-
ments are maze-like virtual environments such as the one shown in Fig. 8. 

 
Fig. 7. Bounding box model used for collision detection 



We have conducted extensive experiments to study the effects of the proposed in-
telligent control interface. However, it is difficult to evaluate the system through re-
petitive experiments since the commands used by a user to move from one point to 
another may be different at different times. The learning effects are also difficult to 
avoid as the user gets familiar with the environment through practice. According to 
the experiments of using an intelligent user interface from the first-person control 
reported in [12], we assume that adopting a look-ahead mechanism with the spare 
CPU cycles in a frame update is helpful for navigation control from a third-person 
view. Therefore, instead of measuring the efficiency of navigation (total time to ac-
complish a navigation task) or the subjective experience of the user, we measure the 
average size of the feasible motion tree along a recorded path for different exploration 
strategies. The problem of effectiveness becomes how good the look-ahead informa-
tion can be maintained to support a good navigation decision.  

In the experiments, we first asked the user to navigate through the scene from an 
initial position to a designated goal position. The user commands and the trajectory 
were recorded for replay in future experiments. An example trajectory is shown at the 
upper-right corner of Fig. 8. In each of the subsequent experiments, we use the same 
input commands to reproduce the same navigation path. The number of nodes in the 
feasible motion tree in each frame is recorded in each experiment, and the average 
tree size is computed at the end. Although the input commands and navigation path 
are the same, the average size of the feasible motion tree is different because of dif-
ferent exploration strategies. 

5.2   Experimental Results 

In our experiments, we have tested five different strategies for exploration of the 
motion graph, and the result is shown in Fig. 9. The horizontal axis is the interval 
between two frames, which is the inverse of frame rate. The larger the interval, the 
more the spare CPU cycles are used to grow the feasible motion tree. The vertical axis 
is the average number of nodes that are maintained in the tree during the course of the 
navigation. The first exploration strategy (Type 0) is the breadth-first strategy. The 
second and the third strategies (Type 1 and 2) use the command matching method 
with and without re-sorting the priorities of the leaf nodes in each frame, respectively. 

 
Fig. 8. An example scene used in the experiments 

 



Type 3 uses user-defined priorities based on the statistic data of how the children of a 
node are chosen in a navigation task conducted in the given environment. Type 4 uses 
a hybrid approach by combining the priorities of Type 1 and Type 3. 

The results in Fig. 9 reveal that the size of the tree grows linearly with the available 
time in each frame update. This means that on slower machines, one can expect that 
the size of the tree will be smaller and the effect of looking ahead for motion selection 
can degrade gracefully. For these five types, Type 0 has the smallest average tree size 
as expected because of its breadth-first strategy. Type 1 and Type 2 (command match-
ing) all perform better than Type 0, and re-sorting the priority list in every frame is 
important for maintaining a good shape of the tree since the user inputs may change 
from time to time. Type 3, the user-defined method, has the best performance since 
the priorities were computed according to statistic data from the history. However, the 
setting is specific to the given scene and may not work well for other scenes. Type 4 
is the hybrid approach combining Type 1 and Type 3 and the effect of this type also 
falls between these two types as expected. 

In Fig. 10, for a given current position of the avatar, we show all the future posi-
tions that have been maintained in the feasible motion tree with various strategies. In 
Fig. 10(a), the shape of the visited region is more evenly distributed because the 
breadth-first approach is used. In Fig. 10(b), the adopted command-matching method 
prefers growing in a specific direction because of the consistent commands of walk-
ing forward in the past few steps. In Fig. 10(c), the user-defined priorities are used 
and the size of the tree is the largest. Finally, the tree of using the hybrid approach 
combining 10(b) and 10(c) is depicted in Fig. 10(d). 

 
 (a)  (b)  (c) (d) 

Fig. 10. Visited avatar positions in the feasible motion trees with different exploration strategies: 
(a) breadth-first (b) command-matching (c) user-defined (statistic) (d) hybrid 

 

 
Fig. 9. Evaluation of different exploration strategies 

 



In Fig. 11, we show another example scene where obstacles were placed at various 
locations of the maze to make the movement of the avatar more difficult. In order to 
facilitate the movement of the avatar through the space, we enrich the motion graph 
by adding a “crouch-moving” motion and its transition motions to other motions. In 
Fig. 11(a), the system had chosen a crouch-moving motion for the avatar to pass the 
obstructive obstacle. In Fig. 11(b), the obstructive obstacle was lower and the avatar 
chose to make a turn to pass through the region. Finally, the avatar used the crouch-
moving motion again to pass underneath the table placed in his way, as shown in Fig. 
11(c). 

6   CONCLUSIONS 

It has been a long-time research goal to allow a 3D avatar to be commanded interac-
tively with high-level inputs under the constraints of the environment. In this paper, 
we have developed an intelligent 3D control interface that looks ahead a few steps in 
order to make a better selection of the next motion clip from the given motion library. 
The system exploits the spare CPU cycles between two frames to maintain the feasi-
ble motion tree incrementally. We also have developed various strategies and con-
ducted experiments to demonstrate the effectiveness of the strategies and compared 
the tradeoffs of these strategies.  

In the current work, we assume that the interface with the look-ahead mechanism 
should work better than the one without this feature since similar claims have been 
made before. In the future, we would like to conduct further experiments to measure 
the improvement of the navigation efficiency more precisely. In addition, we will 
conduct more experiments to study how to select a good cut-off depth for tree grow-
ing such that a good balance between frame rate and tree size can be obtained. 
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Fig. 11. Examples of versatile motions generated for the avatar to overcome environmental 
constraints (a) crouch moving (b) left turning (c) crouching underneath the table 
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