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Abstract. Behavioral control for an autonomous humanoid robot is a very complex problem,
especially in the RoboCup domain. This is due to the dynamics of the environment and the
complexity of behaviors that should be executed in real-time. This paper presents a new
behavioral control model that depends on case-based reasoning. It is applied for humanoid
soccer robot. It consists of a hierarchy of four levels, the first level is to decide robot role as
attacker, the second level is decide which skill to execute as goal-scoring, dribbling or pass, the
third level is to determine the behaviors of each skill as kicking or walking and the fourth level
is to adapt lower-level behaviors as distance to walk and angel of kick. The behavior control
is implemented in the framework of Webots Simulation tool for (NAO) humanoid robot. We
achieve an average good accuracy that reaches 86.5 % .

1. Introduction

Humanoid Robots are the most recent development in intelligent robotic control
and autonomous agents [1] . There are more than major humanoid robot projects
around the world as Honda [2]. Humanoid Robots requires artificial intelligence AI
[4] techniques to act autonomously in dynamic and complex environments.

The RoboCup [5] competition promotes AI and robotics for technologies research.
RoboCup Humanoid League is one of the most dynamically progressing leagues. Our
NAO Team Humboldt [1] is developing a complete project to participate in RoboCup
World Championship 2009 [2]. Our research developments include motion planning,
image processing, robot control and behaviour-based control [1].

Behavior-based control [5] has become one of the most popular approaches to in-
telligent robotics control. The robot’s actions are determined by a set of reactive
behaviors, which map sensory input and state to actions. Despite of the behavior-
control part, most of robotics systems use classical behavior-control architectures.
These classical architectures can cover all sensory input states of complex environ-
ments and thus limits the robot ability to adapt its behaviors in unknown situations.
Recently, some AI techniques such as neural networks, fuzzy logic have been applied
successfully to behavior-control of mobile robots [5]. However, research on behavior
control of humanoid robots using AI is still in initial stage [6].

Case-Based Reasoning (CBR) is a reasoning methodology that simulates human
reasoning by using past experiences to solve new problems. New problems are solved
by retrieving and adapting the solutions to similar problems [7]. The most crucial
CBR tasks involve; case indexing, representation, retrieval and adaptation. In robot-
ics, CBR has been applied recently for many robotics types and tasks. For example,
Arcos et al., [8] uses CBR for autonomous mobile robot navigation. Urdiales [9]
presents a new reactive layer that uses CBR for robot navigation. CBR has also been
widely applied in the RoboCup domain [10].
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Figure 1. NAO Humanoid Robot

We also develop a CBR behavior control of NAO humanoid robot [11]. However,
our previous CBR architecture was simple and it does not implement a complete
adaptive behavior controller. In this paper, we extend our previous work [11] and
we propose a new CBR behavior controller for NAO humanoid robot. Its reasoning
depends on the hierarchical CBR technique, which enables our NAO robot to reason
about complex behaviors by adapting multiple cases at various levels of abstraction.
Our main goal is to develop a adaptive behavior controller that will be able to reason
about more complex behaviors as dribble and goal-score. The coming sections describe
our main architecture and results.

2. Webots for NAO Humanoid Robot

Our work is currently being implemented in the framework of Webots simulation
for the NAO humanoid robot [1]. Webots is developed by Cyberbotics Ltd. It is
simulation software for modelling, programming and simulating robots. It is also an
open source tool and all code can be modified by visual studio using C++ program-
ming language.NAO humanoid robot is developed by Aldebaran Robotics [12]. It has
been officially selected to replace AIBO in RoboCup competition. It is an excellent
robot in terms of mobility, performance and reliability. As shown in Figure 1, it has
22 degrees of freedom.

3. Hierarchical CBR Behavior Control

This section presents our proposed adaptive behavior-control for NAO Humanoid
Robot. It depends on CBR technique to simulate the reasoning process of soccer
players and to adapt (NAO) behaviors as goal-score and dribble in real-time RoboCup
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Figure 2. Hierarchical Behaviors Scheme of our CBR Control

dynamic environment. The coming subsections describe in details the main behaviors
of RoboCup and our proposed behavior-control.

3.1. NAO Behaviors. In the RoboCup domain, soccer behaviors are complex be-
haviors as dribble and goal-score. However, in our project of NAO team Humboldt [1],
we realize behaviors using simpler ones. For example, the goal-score behavior consists
of kick-ball if ball is seen or search-for-ball, go-to-ball and kick-to-goal if ball is not
seen. The dribble behavior consists of small-walk and small-kick then search-for-ball,
fast-walk-to-ball, small-walk and then small-kick.In order to reduce the overall com-
plexity of behaviors implementation, we present a new scheme of our NAO behaviors.
As shown in Figure 2, it consists of hierarchy of four phases. The first phase deter-
mine robot role, the second determines robot skill, while the third phase for robot
basic behaviors and the fourth phase finally for details implementation of behaviors.

3.2. HCBR Behavior Control Architecture. Our main goal in this research
is to develop an adaptive behavior-control for NAO. The controller should execute
complex soccer behaviors in real-time. Also, it should adapt these behaviors according
to the current game situation. This section describes our new hierarchical case-based
behavior controller. Its main architecture is shown in Figure 3. As shown, it simulates
our soccer behavior scheme as described in the previous section (section 3.1). It
consists of a hierarchy of four levels. Each level has a specific task. The first level is
to decide robot role as attacker, the second level is decide which skill to execute as
goal-scoring, dribbling or pass, the third level is to determine the behaviors of each
skill as kicking or walking and the fourth level is to adapt lower-level behaviors as



134 B. M. EL-BAGOURY, A.-B. M. SALEM, AND H.-D. BURKHARD

Figure 3. Hierarchical CBR Behavior Control Architecture

distance to walk and angel of kick. The coming subsections will describe our CBR
engine in detail.

3.2.1. Case Representation. CBR engines are based on having a case-memory [7]. A
case-memory acts as the main memory of experience for an agent to reason. A case-
memory should be robust and covers a domain. A lot of research is done concerning
case-memory organization and maintenance. Each case-memory consists of a set of
cases. A case represents a single experience that an agent has experienced before.
There are different case representations schemes as flat or object-oriented [7]. For our
NAO robot, its case-memory represents its accumulated experience that he learns in
different RoboCup game situations. A case in NAO case-memory represents a single
situation that he has experienced before. For example, a sample case experience can
be defined informally as:

Sample Case 1: A NAO robot acts as an attacker player and he score a goal in left
direction and it was successful.

Another more complex case is informally described as:
Sample Case 2: A NAO robot acts as acts as an attacker player and he scores a

goal in left direction and it was not successful because another robot who acts as goalie
defend the ball.

These two situations look very similar but in fact, they are different experience and
the decision that should be done by NAO CBR engine is totally different. NAO should
adapt its behaviour of normal goal-scorer to execute in case if goalie is expected to
defend the ball. Each case in our behavior control is represented in a flat-scheme ,
where each case consists of problem features and solution features. This is considered
in our engine as a single concrete case. In order to support our hierarchical architec-
ture, we further decompose each concrete case into a set of abstract cases. As shown



HIERARCHICAL CASE-BASED REASONING BEHAVIOR CONTROL ... 135

in Figure 4, each concrete case consists of four abstract cases. The first is called role-
sub-case. where each case consists of problem features and solution features. This is
considered in our engine as a single concrete case. In order to support our hierarchi-
cal architecture, we further decompose each concrete case into a set of abstract cases.
As shown in Figure 4, each concrete case consists of four abstract cases. The first
is called role-sub-case, it consists of features of robot role and the abstract solution
of level one. The second is called the skill-sub-case , it consists of features and ab-
stract solution of robot skill. The third is called the behavior-sub.case, it consists of
features and abstract solution of robot behaviour.Finally, the last sub-case is called
the adaptive-sub-case, it determines the final detailed overall case behaviour solution.
Our main goal of this decomposition is to reduce the overall problem complexity by
solving smaller sub-problems. Figure 4 shows a sample of our case representation.

3.2.2. Case Retrieval and Forward Reasoning. NAO behaviors should be executed
in real-time soccer game. For this, we apply its CBR engine in two directions, forward
and backward. This will enable NAO to continuously adapting its behaviours from
case (state) to case (state). For example, after executing dribbling behaviour it can
automatically backtrack to execute the goal-score behavior. A single behavior of NAO
is determined using the forward reasoning path. Given a new real-time case query
of NAO, it will be decomposed into three sub-cases, which are the new role-sub-case,
the new skill-sub-case and the new behaviour sub-case. For each new sub-case, the
Nearest-Neighbour retrieval algorithm [7, 11, 13] is used to determine its most similar
sub-case from the case-memory. It computes the similarities between two sub-cases
as the weighted average of their local similarities of features. The global similarity
function is computed as follows:

Similarity(N, R) =
n∑

i=1

Sim(Ni, Ri)×Wi (1)

This function takes any value in the similarity range from 0% to 100% , where 0%
is total dissimilarity and 100% is an exact match. N is the new sub-case and R is
its corresponding retrieved sub-case. Wi is the weight of feature i that reflects its
importance on the diagnosis decision of the current new sub-case. Sim is the local
similarity functions, which we use computed similarity between local case features.
We use two types of these functions. A Boolean function to compute local similarity
of Boolean features and it is defined as:

Sim(Ni, Ri) = 1/ {1 + |Ni −Ri|} (2)

In our system, feature weights are initially assigned by making analysis to the cases
in the case-memory. All weights are normalized in the range [0-1]. All the critical
features of each sub-case are used as indexes to speed up the retrieval process [7].

3.2.3. Case Adaptation and Backward Reasoning. NAO behaviour solution is solved
by case adaptation. Case adaptation is performed in a top-down fashion using our
hierarchical case-based behaviour control. Case adaptation starts with Level-One,
which it adapts Abstract-Solution1 to decide the NAO role as attacker or goalie,
while Level-Two adapts the Abstract-Solution2 to decide NAO skill as goal-score or
dribble. The Level-Three adapts the Abstract-Solution3 to decide NAO behaviours
as kick to goal. Finally, NAO executes its real-time adapted low level behaviours in
Level-Four, where it adapts low-level values such as angel-to-kick and speed-of-walk.
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Figure 4. Sample of a Concrete Case Representation and its Ab-
stract Case

Case adaptation is performed at each level by using adaptation rules [11] . In our
system, we extract adaptation rules by making analyses to the RoboCup domain. An
informal example of one of our adaptation rules is:

IF the feature robot-x in the new sub-case is 1432 and the similar feature robot-x in
the retrieved sub-case is 1200 and the feature robot-y in the new sub-case is -840 and
the similar feature robot-y in the retrieved sub-case is 20 and the feature goalie-x in
the new sub-case is -3130 and the similar feature goalie-x in the retrieved sub-case is
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Figure 5. The Algorithm of the HCBR Behavior Control

-2090 and the feature goalie-y in the new sub-case is 59 and the similar feature goalie-
y in the retrieved sub-case is 120 and the behavior solution in the retrieved sub-case
is kick-right. THEN the behavior solution of the new sub-case is kick-far-left.

3.2.4. The Algorithm of the HCBR Behavior Control. This section presents the main
algorithm of our HCBR Behavior Control. As shown in Figure 5, it consists of 19
steps, which are classified into four levels. Each level follows a simple case-based
reasoning cycle [7] to retrieve a similar sub-case and to adapt its solution until the
final solution of the complete case is found at level four.

4. Sample Run

This section shows a sample run of our experiments. They are divided into two
main sets, set (A) for Goal-Score behavior and set (B) for Dribble behavior. Figure 6
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Figure 6. Sample Goal-Score behavior at left line of attack

Figure 7. Sample Dribble Behavior at right-side of Dribble area

shows a sample run of Goal-Score behavior at line of attack. Figure 7 shows a sample
run of Dribble behavior.

5. Experiment Results

In our experiments, we use 120 cases stored in the case-memory and 80 cases are
used for testing the performance accuracy. All the cases are used to control the
behaviors of Attacker role of NAO. These cases are further classified into two groups,
which are the Goal-Score and the Dribble cases. Table 1, shows the performance
accuracy of our hierarchical CBR behavior control. As shown, the accuracy rate at
Level-One is very high almost 100 % because all our cases in the case-memory are
only attacker cases and we do not have goalie cases. Also, high accuracy at Level-Two
reaches 93.3 % and at Level-Three 80.8 %, this is due to the following main factors:

i. Usage of the GPS sensor of the Webots Simulation System to localize the ro-
bot.This gives accurate real-time positioning of NAO robot. ii. These position values
are divided into ranges to simplify the retrieval process. iii. A fixed set of adaptation
rules are used specifically for each set of test cases.
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Table 1. Performance Accuracy of the Case-Based Behavior Control

phase no.test
cases

test cases
classified

accuracy
rate

no.of adapta-
tion rules

Level one 120 120 100 % 4
Levek two 120 112 93.3 % 12
Level three 120 97 80.8 % 35
Levek four 120 86 71.66 % 63

However, the accuracy rate at Level-Four is low because this is the lower level
of our HCBR Behavior Control and it needs a huge amount of adaptation rules to
cover all possible numeric values of features. This is not feasible [11] and a learning
mechanism should be added to learn adaptation rules [13].

6. Conclusion and Future Work

This study illustrates a new adaptive behavior control for humanoid soccer robot.
It is based on case-based reasoning technique. The main aim of this research is to
develop an adaptive behavior control to make our NAO robot fully autonomous and
adapt its soccer behaviors to dynamic soccer game. The controller has a hierarchical
scheme, which simulates the execution process of the RoboCup Soccer behaviors. It
also enables NAO to learn from its experience and add new experience into its case-
memory. The decomposition of features into a hierarchy of levels helps to reduces the
complexity of overall behavior execution in real-time. A high performance is achieved
at all the three levels and a relatively good performance rate is achieved at the fourth
level. In future work, the controller will be tested using rest of soccer behaviors for
goalie and defender players. Also, neural networks will be combined with case-based
reasoning to learn adaptation rules to reduce the complexity of hand-coded rules and
improve the overall controller accuracy. Also, other similarity formulas will be tested
like fuzzy similarity measures to improve case retrieval.
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