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Abstract

The concept of intelligent control system architecture is not a new idea. The
reference architectures of such systems were proposed and broadly discussed in
the late 80s and 90s of the twentieth century. Unfortunately, many authors either
focus on the general scheme of this class of systems without a clear implementation
perspective, or implement some solutions without precisely defined designs.

The aim of this article is to propose a design for intelligent control system. The-
oretical discussion is supplemented by implementation remarks. The current state
of our prototype implementation of intelligent control system is also presented.

In order to propose some design principles of such systems, existing models
and approaches are briefly reviewed and discussed.

1 Introduction

In the last decade, we have observed the increasing popularity and accessibility
of autonomous control systems. Some of them are almost as easy to build and
control as playing with a child’s building blocks. An example of such out-of-the-
box systems is Lego Mindstorms [22]. Additionally, a programming language for
writing a robot’s control procedures evolved from the error-prone and hard-to-
understand assembler or C to more advanced languages as Java, Prolog, or visual
languages such as LabView Toolkit for Lego Mindstorms NXT.

Along with the growing availability of software toolkits facilitating the creation
of a mobile robots’ control software, the whole software development process has
been shortened. Development acceleration, however good from a marketing per-
spective, usually negatively impacts on the design phase and, as a result, the num-
ber of under–designed or chaotic–design projects is increasing. This fact reminds
everybody that good programming tools have to be accompanied by well-designed
software.

The primary goal of this article is to propose a general model of intelligent
control architecture. The presented general model aims to create grounds for
developing Java-based intelligent control systems, which would be suitable for
different hardware platforms. The prototype implementation presented here has
the status of work-in-progress, so it cannot be ultimately evaluated at the moment.
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2 Intelligent Control System Architectures

As pioneer works in the field of intelligent control systems we might consider
HILARE - a mobile robot constructed in LAAS (Laboratoire d’Architecture et
d’Analyse des Systèmes) [16] or SHAKEY the robot constructed by Nilsson [27]
at Stanford Research Institute. Later on they evolved into three major approaches
to intelligent control architectures [4]:

• Hierarchical Planning and Control Architecture

• Reactive/Behaviour Based Control Architecture

• Hybrid Architecture

One of the most well-known representatives of the first approach is ”A Refer-
ence Model Architecture of Intelligent Control” proposed by J. S. Albus and A.M.
Meystel [3]. It is based on early work [8] describing RCS (Real–time Intelligent
Control System). RCS partitions the control problem into four components: be-
haviour generation (in some systems it is just called a task decomposition), world
modelling, sensory processing and value judgment. Each component has its own
computational nodes, which are organized into hierarchical layers. Every layer has
its own, well defined area of responsibility and specific timing. In this approach
the world model plays an important role. All the decisions taken by the system are
verified against it and all the incoming events may change the systems knowledge
about the world.

On the opposite side, there is another approach. According to the principle
”The world is its own best model” [10] reactive/behaviour based control systems fo-
cus on immediate data sensing and behaviour generation rather than spending time
on possibly time-consuming world model exploration. They are particularly use-
ful for quickly changing and unstructured environments, where the precise world
model might be hard to construct [4]. A good representative of this approach
might be Subsumption Architecture proposed by Brookes [9].

A solution that tries to take benefits from both hierarchical planning and re-
active control techniques is a hybrid approach. It is based on the observation that
in the actual environment the autonomous intelligent system sometimes has to be-
have in a reactive manner, and at other times to perform careful knowledge-based
hierarchical planning. In fact both, reactive control and hierarchical planning fre-
quently address different parts of the same problem. Finding the optimal path is
usually associated with hierarchical, deliberative processing, whilst reaction to an
obstacle which suddenly appears on the path is better handled by reactive con-
trol procedures. AuRA [5] or PRS [15] may server as examples of this class of
architecture.

3 Related works

A proposition of the intelligent control architecture is presented by Zeigler and
Chi in their work [39]. Besides the outline of an autonomous system’s control
architecture, they propose a systematic approach to design, generation and diag-
nosis of that kind of systems. A more formal approach for ‘embedding intelligence
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in control ’ has been proposed by Acar and Üzgüner [29]. In their work the au-
thors propose a formally defined structure-based hierarchy of computational nodes,
which are mapped via appropriate structural coordination to a piece of hardware.
Every node has its own set of accomplishable tasks and methods, or procedures
to accomplish them. The top node in the hierarchy represents the whole of the
system. The subsequent levels in the hierarchy gather nodes responsible for more
and more detailed parts of the system.

Intelligent control is also implemented as component-oriented and object-orien-
ted architectures. An example of the component-based approach is OSCAR [1].
In this system all the communication is handled by the CORBA (Common Object
Request Broker Architecture) infrastructure [28] specified by OMG (Object Man-
agement Group). From the architectonic point of view it is an interesting idea
to introduce several layers of signal processing (e.g. Integration Layer) upon the
sensor layers. Another object-oriented architecture is BERRA [21]. The authors
define three conceptual layers of a system: Deliberate Layer, Reactive Layer and
Task Execution Layer. All the layers consist of object-oriented components, cov-
ering certain areas of responsibilities. Examples of the object oriented approach
are also mentioned in [35] and [25]. The second work focus on modeling control
architecture entirely in UML.

The choice of implementation platform strongly depends on designed usage
and available hardware components. Very often it is a C++ based component
application running under the control of a unix-like operating system [21, 20].

The Java platform along with its growing popularity has been proposed as an
environment for robotics control systems [24, 32]. Additionally, a Real Time Java
[12] has been used as a software platform for robot control [33].

Lego Mindstorms [22] is a very interesting platform combinating software and
hardware that might be used for building intelligent control systems. Besides the
original firmware provided by Lego there are several others software platforms that
might be uploaded into the robot. These are: LeJOS [7] – Java Virtual Machine
running on RCX (Programmable Lego Brick), BrickOS [37] – an alternative RCX
C/C++ based real time operating system and the Programmable Brick Forth [17]
– runtime environment supporting language Forth. There are many examples of
using Lego Mindstorms for building and programming robots. Many of these
works are not autonomous control systems (since they are controlled remotely by
human), or it might be classified as a simple reactive/behaviour based control
architecture [4].

4 Architecture of the Intelligent Control System

4.1 Single Robot Perspective

A great number of system architectures for intelligent systems have been conceived
and implemented. The architecture for intelligent systems that will be proposed as
a starting point is the architecture for intelligent systems proposed by James Albus
[2]. However, in contrast to the Albus model we assume that the system sometimes
has to perform actions in a responsive manner i.e. without prior deliberation based
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on specific knowledge. This assumption, according to the taxonomy proposed by
Arkin [4], locates our architecture in the class of hybrid systems.

The proposed system architecture for a single robot has a hierarchical nature.
It is composed of two main layers (figure 1):

• automatic control layer,

• deliberative control layer

Figure 1: General system architecture, modules and inter-modules communication

The automatic control layer contains a sensor module (SM) including all the
objects and procedures responsible for gathering and preprocessing events coming
from the environment, and an effectors module (EM) including all the objects and
control routines managing the system’s effectors on the level of groups of servo
mechanisms. Thus, on this level of hierarchy some actual stimuli coming from
outside the system are fetched by hardware sensors, next they are grouped and
preprocessed. Then they are re-raised in the form of software events to the rest of
the system. Similarly this level encapsulates single hardware actuators and makes
them available to the rest of the system in the form of more abstract structures
like robot legs, arms etc. An unconditioned reflex processing module (URPM) is
a set of independent procedures that are responsible for quick but very simple
system reactions. This module is responsible for short feedback between sensors
and effectors. There is no deliberative, knowledge-based processing, thus it does
not need access to the knowledge base and world model. Operations performed
by all the automatic control layer modules are coordinated by the resource man-
ager module (RMM). This module is responsible for resolving software/hardware
conflicts between control requests coming from the interpreter module (IM) and
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URPM. Because all the modules in this layer depend directly or indirectly on
physical organisation of the system, this layer is also called structure-driven.
The deliberative control layer is responsible for proper situation judgement and
behaviour generation. It consist of four modules: knowledge base module (KBM),
dynamic world model module (DWMM), inference engine (IEM) and interpreter
module (IM). Almost all the modules of this layer store some forms of knowl-
edge. The KBM module stores declarative knowledge. DWMM stores descriptive
knowledge of the world and declarative knowledge about its behaviour. Also IM
stores some descriptive and procedural knowledge. It is indispensable to properly
translate the conclusions formulated by IEM to action requests understood by the
resource manager. IE is responsible for processing the knowledge coming from
KBM and DWMM.

Inter-modules communication is shown on figure 1 in the form of bidirectional
arrows.

4.2 Multi-robot Perspective

The field of distributed robotics is rapidly growing, and a vast amount of research
deals with multi-robot systems [36, 31, 11]. There are several reasons why such
systems might be interesting [11, 36]:

• some problems might be solved more effectively using many robots working in
parallel,

• systems based on many robots are more robust and fault tolerant,

• building several simple, universal robots might be cheaper than constructing
a single, powerful robot solving one specific problem,

• the theory of multi-robot systems may benefit from other scientific disciplines
such as multi-agent systems [26], social sciences and live sciences, and there-
fore it may contribute to the development of many theories going beyond the
generally understood idea of computer science.

Because of all these reasons we also conduct research into distributed robotics.
Verret proposed two main characteristics of multi-robot system architectures. The
first one, depending on the coordination scheme, divides systems into centralized
and decentralized, whilst the second one distinguishes between homogeneous and
heterogeneous architectures. Centralized systems have one machine, agent or pro-
cess controlling all of the agents (robots) in the system. Decentralized systems
[5, 30, 6, 14] do not have a central agent that monitors all the agents. There are also
hybrid architectures in which there is a common planning super-agent that man-
ages the decentralized teams of agents. Although centralized architectures seem
to be easier to implement than decentralized ones, in many practical applications
they are not so efficient and robust as decentralized architectures. For instance,
this kind of problem might be observed in [18]. Thus, in our research we focus on
distributed and hybrid solutions. Our aim is to propose distributed deliberative
robot team architecture equipped with a well-defined motivation mechanism [34].
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5 Implementation in Java

5.1 Basis of Prototype Implementation

The platform of choice for the proposed architecture is Java Virtual Machine. As
hardware for the prototype implementation we choose NXT Mindstorm Intelligent
Brick and a PC class computer. Almost all components of the automatic control
layer (except the resource manager) are designed to be implemented directly on
the hardware i.e. NXT Brick (see figure 2). Besides the components SM, EM and
URPM, there are also additional system procedures responsible mainly for system
communication. All the code running on the robot’s hardware has to be written
carefully because of the platform limitations: limited ability to track errors, small
amount of operation memory, limited computational power of the ARM based
processor. Almost all the parts of the deliberative control layer are designed to
be deployed on a PC computer, where the platform limitations are not so strong.
In particular, modules connected with knowledge processing e.g.: KBM, DWMM
IEM and IM, require a significant amount of RAM and substantial computational
power.

Figure 2: Hardware deployment of ICS components

There is also one module that crosses the hardware NXT/PC boundary. That
is the resource manager module. Because some parts of this module have to inten-
sively communicate with SM and EM, whilst the other parts have to intensively
interact with the interpreter module, RMM has been split into two complementary
parts running on NXT and PC.

Taking into account the fact that the NXT brick provides some native remote
control interface, it may be asked why the sensor module, effector module and
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unconditioned reflex processing module are not deployed on a PC computer. The
tests carried out showed that placing SM, EM and URPM directly on a PC signif-
icantly increases communication traffic between NXT and the PC. As a result, a
degradation of the reactiveness and lengthening of the response time of the system
has been observed.

Communication between the NXT Brick and PC computer is realized via a
bluetooth link. A pair: JVM on NXT Brick and JVM on PC Computer make
up the intelligent control system of a single robot. Different robots (agents) may
communicate among themselves via the Internet (figure 3).

Figure 3: System communication

5.2 Implementation status

The presented intelligent architecture has been partially implemented. The prelim-
inary NXT implementation of the automatic control layer is ready including han-
dling of some 3rd party sensors such as Vision Subsystem v2 for NXT (NXTCam)
or Magnetic compass for NXT (CMPS-Nx). Implementation of the deliberative
control layer has started, and initial versions of some module interfaces (KBM,
IEM, IM, DWMM) have been written. As an implementation of KBM different
Java based rule systems are tested. A cellular automaton of the ECAL class [13]
as a dynamic world model will be used.

Currently, the system is able to perform, simple tasks like detect and react
to colour objects appearing in the view of the NXTCam, move smoothly along
a given sequence of primitive moves and react to a simple stimulus coming from
light, touch and sonar sensors (figure 4).

6 Conclusion and Further Works

The prospect of intelligent robots helping people to repair cars or cut hedges is
very attractive and promising. Thus, despite its long and rich history, the building
of intelligent robotics control systems is still popular and worth further effort. An
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Figure 4: NXT based robot

important element of a successful intelligent control system is properly designed
architecture. It determines many important factors of the whole construction, such
as efficiency, stability, reliability and robustness. For this reason we believe that
further research into intelligent control architectures is important and necessary.

This paper includes a brief review of different approaches to intelligent control
architectures. Next, the proposition of a new ICS architecture, together with
prototype implementation of such architectures are discussed. Both architecture
and implementation need further effort and research. The most urgent matter is to
complete the implementation of the deliberative control layer, and perform more
complex experiments providing further data, which help to improve the system.
After preliminary refinement, the system is planned to move to other hardware
platforms, such as Hexor [38], Talrik IV [23] or Pioneer 3-DX [19].
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