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Abstract: Robot programming systems have not kept pace with developments in gen-
eral purpose programming environments. Robot systems have special de-
mands related to their complex interactions in real environments, and their
complex sensors and actuators. We focus on robot programming in a lab-
oratory research environment where robots, operating systems, hardware
platforms, programming languages, and researchers all differ and change.
Robot programming systems must provide appropriate human–robot pro-
gramming interaction, programming languages and tools, and distributed
infrastructures. We describe our work in developing a robot programming
system, including our three layer distributed CORBA based, service bro-
ker application infrastructure for distributed robot programming, and our
associated graphical and simulation tool which provides a virtual environ-
ment with rich graphics capabilities.
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1 INTRODUCTION

Robot programming systems have not kept pace
with developments in general purpose program-
ming environments and robot researchers face dif-
ficulties developing large software systems. Much
of the software infrastructure is proprietary, much
is necessarily targeted at specific hardware, robot
software development kits may be limiting, and
there is a lack of open standards to promote col-
laboration, code reuse and integration.

Robot systems have special demands related to
the complex interactions robots have in real envi-
ronments, and the complex sensors and actuators
that robots use, including:

• Up to thousands of devices for input, out-
put and storage, which far exceed human pro-
grammers’ familiar senses and effectors, com-
pared to the few devices in a desktop or server.

• Simultaneous and unrelated activity on many
inputs and outputs.

• Real time requirements, as the automation
system must operate in the real environment.

• Unexpected real world conditions.
• Wide variations in hardware and interfaces, as

opposed to the highly commoditized desktop.

Programmers of robot arms and other complex ar-
ticulated automatic devices, must also deal with
non–intuitive geometry. Programmers of mobile
robots must deal with widely varying and unpre-
dictable conditions as the robot moves through its
environment. The paper will discuss our work in
providing a robot programming environment.

2 ROBOT PROGRAMMING

We view robot programming systems as having
three important conceptual components that are
of interest to their designers (Fig. 1):

• The programming component, including
designs for programming language/s, li-
braries and application programming inter-
faces (APIs), which enable a programmer to
describe desired robot behaviour.

• The underlying infrastructure including de-
signs for architectures that support and ex-
ecute robot behaviour descriptions, especially
in distributed environments.

• The design of interactive systems that allow
the human programmer to interact with the
programming component, to create, modify
and examine programs and system resources,
both statically and during execution. The
human programmer may also interact with
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Figure 1: Parts of a robot programming system.

the infrastructure component, to examine,
monitor and configure resources, and directly
with robots as they perform tasks.

There are other components that are not of par-
ticular concern to designers of robot programming
systems, such as the robots themselves, operating
systems, compilers, robot hardware drivers and so
on. A few aspects, such as real time operating sys-
tem performance, will be of concern. The following
sections describe the three main components.

2.1 Programming

The programming activity is to describe desired
robot behaviour, and must be supported by a pro-
gramming system. Robot programming systems
can be distinguished by both their aim and by their
method of programming. The aim may be pro-
gramming at the system level or at the task level.
System programming is typically undertaken by
developers before releasing the software, and of-
ten includes low or medium level tasks. Task level
programming is the allocation of tasks by the con-
sumer and is at a higher level, sometimes with lit-
tle overt programming, perhaps viewed as configu-
ration. For example, the developer might program
the ability to perform a navigation or guiding task
into the robot using system level programming.
Consumers might use the task–based interface to
program the robot to guide people through a mu-
seum.

There are two main programming methods, man-
ual and automatic. Manual programming involves
text–based or graphical systems. Automatic pro-
gramming includes programming by demonstra-
tion (PBD), currently popular for training specific
tasks, particularly in industry. Considerable ef-
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Figure 2: Aspects of human–robot interaction.

fort is aimed at improving PBD systems. Rather
than simply playing back the demonstration, the
robot may pick out important movements (such
as grasps), and plan its own path between these
points, or it may execute the key steps in a differ-
ent order [1, 2].

Text-based programming is common in industry,
where simple robot languages are used, typically
provided by the robot developer. A BASIC-like
syntax is often used, with built in robot com-
mands. Recent work in text–based systems has
diverged from these robot–specific languages to de-
velop more general purpose higher level program-
ming languages suitable for any robot. Typically,
this involves extending existing languages such as
C++ [3], Java [4, 5], and Haskell [6, 7].

Graphical (or icon based) languages are a hybrid
automatic/manual method; manual because the
user must show the actions to perform, automatic
since code is generated from the results of the user
interaction. The user has greater control over the
robot’s actions compared to a fully automatic sys-
tem. Graphical languages require less technical
skill than a text-based system, sacrificing versatil-
ity for usability, and are more useful for task level
programming. Flowcharts [8], [9, a popular graph-
ical system for children] or graphs [10] are used.

2.2 Human–robot interaction (HRI)

Here the design is about how humans interact with
robots, during all the activities associated with
programming. Fig. 2 distinguishes issues within
human–robot programming design: architecture,
medium of interaction, and programming related.
The architecture varies from the direct control
model through the director–agent model, where
the human gives instruction and supervision, to
fully autonomous mode. There is considerable in-
terest in how humans and robots interact. How-
ever, unlike work in the HRI areas of direct con-
trol (teleoperation/telerobotics), social interaction
and “end-user programming” there has been little
work on HRI at the system development level. The



current research needs integrating with program
development stages, allowing more effective devel-
opment with more interaction between developer
and robot.

The three main levels of HRI can be distinguished
by the purpose of interaction. The lowest level is
robot development, which corresponds to the sys-
tem level programming activities of the previous
section, where the work is on developing the robot
system itself. The next level of interaction is that
of customizing the robot tasks, or task level pro-
gramming, for example giving a list of commands
to a vacuuming robot or an assembly robot. The
final level is social interaction, for example in a
tour guide robot.

Our programming environment focuses on robot
prototype development, where interface develop-
ment has been largely neglected; most researchers
use traditional application development and pro-
gramming tools with standard keyboard, screen,
and mouse interfaces.

2.3 Infrastructure

The infrastructure supports and executes robot
behaviour descriptions. There is much work on
robot programming systems, but little coherence
and focus on the underlying architecture. Themes
include client/server tools, specific methods for
producing robot software, for example graphically,
reusable software architecture, portable APIs, hi-
erarchies of classes with attention to their inter-
faces [11, 12], fault tolerance, component inter-
action via a blackboard [12], mission program-
ming aimed at end users [13], layer architectures,
real–time object–oriented automation, component
based systems for real time programming [14].
Many propose simulation and virtual reality to
support programming.

Some authors describe distributed robot program-
ming systems, including architectures for: the sep-
aration of cognitive from reactive components [15],
planning [16], components and patterns [17], dis-
tributed development with three levels of work-
flow: user, system and execution [18], hybrid mod-
els for integrating decision and reactive levels [19],
a layered, object–oriented client/server architec-
ture for sensorimotor systems [20]. Orocos [21]
focuses on object–oriented components and pat-
terns. CORBA inspires the distributed commu-
nications and is used in some work. Miro [22]
is an object–oriented layered client/server robot
middleware system based on ACE [23] and the
associated real–time CORBA ORB, TAO. MCA2
[24] focuses on reusable modules all with the same
standardised interface. Claraty [25] provides an
architecture with functional and decision layers,
and a set of functional components for JPL’s mo-
bile robot systems.

3 OBJECTIVES

We focus on robot programming in a laboratory
research environment; we want to avoid time con-
suming practices such as porting software to spe-
cial robot environments.

3.1 Programming component

3.1.1 Developer tools must provide editors en-
hanced with code–aware presentation, browsing,
useful application components, help systems, de-
buggers, and inspectors. Simulations of robot be-
haviour are essential, enabling programmers to vi-
sualise and evaluate robot programs in repeatable,
safe environments. Good quality models and simu-
lations of environments are essential, enabling pro-
grammers to reason about how the robot behaves
in an environment, and to test that reasoning.

3.1.2 Standards and protocols, components and
reuse Robot programming should follow com-
mon standards and protocols to encourage the cre-
ation of reusable components, including not only
object–oriented concepts but also standards for
robot intercommunication. The programming en-
vironment should be open and extendable to al-
low experimentation with programming abstrac-
tions (eg object–oriented, functional, reactive and
behaviour-based). The standards and common
components should be provided in open source
form, to enhance openness and extendability, to al-
low importing of others’ work, and encourage other
groups to contribute.

3.1.3 Sensors and actuators Good I/O is essen-
tial, including sensor and actuator models for rea-
soning about errors, asynchrony, uncertainty, im-
perfections and noise. Abstractions for motion
commands and sensor management should provide
convenient programming, for example guarded
moves. Real time APIs to sensors and actuators
must be provided to the programmer, and accurate
time–stamps recorded for sensory data.

3.1.4 Control systems Programmers need li-
braries and tools for creating sophisticated con-
trollers, with accurate notions of continuous time
control (eg using graphical tools such as those pro-
vided with Matlab).

3.1.5 Concurrency and Real time Multithread-
ing, real time operating system and networking
must provide for interactions with other robots.

3.1.6 Autonomy and intelligence Autonomous,
intelligent decision making facilities are
needed (eg inference for problem solving,
reasoning about time, and learning from a
teacher/experience/simulation).

3.1.7 Sophisticated exception processing is
needed, not just for errors, but to manage uncer-



tainty, for example averaging erroneous results or
allowing retries (see [26]). Robust error handling,
recovery, and fault–tolerance are essential.

3.1.8 Robotics oriented programming language ab-
stractions should provide domain specific data
and program abstractions, including libraries and
operators for a variety of types (eg basic num-
ber, string, enumerated and logical types, I/O ori-
ented types, time, probabilities as well as mod-
ern compound structures such as lists, sets, dic-
tionaries, tuples, and first class functions). Some
types should be tuned to analog and digital data
I/O. Domains specific to robotics include positions
and orientations, geometry and transforms, geo-
metric paths with interpolation, path planning and
control, three dimensional objects, maps, sensory
data, vision, signal processing, kinematics, statics,
dynamics, force control, temporal reasoning, learn-
ing and artificial intelligence. The infrastructure
should bring together robotic systems developed
in different domains, enabling common tools, in-
teroperability and reuse [27].

3.1.9 Sound foundations Well–founded robot
languages provide the possibility of verifying
accuracy, safety and other characteristics of robot
software (eg functional languages [6, 7, 27, 28]).
Robot programs might be generated from a
requirements specification [29].

3.2 HRI component

3.2.1 Rich set of human interaction modes
Robot systems need comprehensive interaction
techniques, including graphical user interfaces,
speech, gesture interaction, screen based graphi-
cal visualisation of the robot’s real and simulated
behaviour, electronically augmented visual repre-
sentations, and haptic interaction.

3.2.2 Robot components primarily designed for in-
teraction Robot systems will need to find, recog-
nise, and track the humans they interact with,
and they will need good facilities for cooperat-
ing with humans (eg to physically manipulate ob-
jects). The robot must model and reason about
the human programmer’s intentions, and be able
to recognise plans presented by the human [30, 31].

3.2.3 Interactive programming tools The devel-
opment environment should provide the typical,
full set of tools including intelligent editing, pro-
gram stepping, breakpoints, browsing of code and
data, dynamic tracing, intelligent logging and
monitoring. In robot systems, where the human
interacts directly with the robot, tools must be in-
tegrated in direct HRI, for example using program-
ming/teaching techniques such as guiding, demon-
stration, instruction, text–generation, and text–
skeleton (see [32, 33, 34]). At times a programmer
will manipulate the robot directly, using teleoper-
ation, with varying degrees of local autonomy for

the robot depending on the bandwidth and latency
of the communication link. The interactive sys-
tem should provide virtual collaboration facilities
such as metaphors, for working at a distance, with
groups of programmers as well as groups of robots.
The virtual world provided by simulations should
enhance the programming environment, by provid-
ing more information and interaction, for example
collaboration with other programmers and robots
that are not present locally.

3.2.4 Robot information database The interac-
tive tools should allow users to create, store and
manipulate representations of robots, objects, en-
vironments, robot locations and paths in a conve-
nient way. For example, enabling a programmer
to easily name paths, objects and locations for a
robot to manipulate or follow.

3.3 Infrastructure component

Many authors describe systems with strong archi-
tectural decisions, necessary in software produc-
tion settings. Our work focuses on reuse for re-
searchers via an easily accessible infrastructure.
Software components are the eventual goal, but
we usually don’t know enough to create them un-
til the research has matured to standard forms.
The infrastructure must enable experimentation.

At the low level, the infrastructure should ac-
commodate different languages and platforms, and
promote collaboration, software reuse, and lever-
age between projects. At a higher level the infras-
tructure services should ideally be architecturally
neutral so that we may experiment with differ-
ent architectural styles. While it must be possi-
ble to program at different levels, such as the sen-
sor/actuator, control, geometry planning, problem
solving, and simulation levels, there should not be
strong barriers between levels. For example, low
level events may be important at the highest level.

4 SOME COMPONENTS OF A ROBOT
PROGRAMMING SYSTEM

Our work includes: robot localisation, coverage
and navigation [35, 36, 37, 38, 39]; robot arm
control; speech command recognition; environ-
ment modelling and visualisation; machine learn-
ing, problem solving and instructable systems for
teaching robots [30, 33, 34, 40, 41, 42]. Two re-
cent projects include the development of an un-
derlying infrastructure for our robot programming
systems, and an associated simulation and visual-
isation tool, discussed below.

4.1 Distributed robot programming application in-
frastructure

Evan Woo’s [43] three layer CORBA based, ser-
vice broker application architecture provides a



distributed programming infrastructure, including
tests on robots ranging from those with only a sin-
gle microcontroller (LEGO Mindstorm, Khepera)
to those with a considerably more sophisticated
platform (B21r). This will improve the integra-
tion and leverage between projects. It adopts a
CORBA based application architecture compris-
ing three layers: application, infrastructure ser-
vices, and middleware. The application layer con-
tains components developed by researchers, which
are registered as services. The infrastructure ser-
vices layer is a broker, following the CORBA
Trader specification. The broker provides the pro-
tocol between services as well as query facilities for
clients. The middleware layer handles communica-
tions between services. Our reference implementa-
tion includes robot services for the B21r, Khepera,
and LEGO Mindstorm robots, the service broker,
a remote robot control application, plus a web–
enabled version. Real–time facilities are not yet
included. Although there are issues to overcome,
in particular ORB compatibility and performance
in a busy network, the application infrastructure
provides a good framework for researchers.

4.2 Robot simulation and visualisation tool

Félix Trépanier’s [44, 45] Graphical Simulation
and Visualisation (GSV) tool aims to help hu-
mans visualise robot behaviours operating in dif-
ferent environments. It is integrated in a broader
robot programming environment supported by the
service based architecture mentioned above. The
GSV tool can display any robot model controlled
by a robot behaviour using a state-of-the-art game
engine to render the virtual world thus giving an
accurate 3D perspective of the behaviour of the
robots in the virtual environment. The tool also
uses registered services to control the simulated
robots. The tool can register itself as a simula-
tion service so robotic applications can use the tool
without the intervention of a human. A simulation
can be accessed by many researchers at the same
time and the robots are controlled by behaviours,
possibly from another research group. In addition,
a simulation can be recorded and replayed. Perfor-
mance measurements show the simulation of five
robots each with typical behaviour in the same en-
vironment.

5 CONCLUSION

The design and development of robot program-
ming environments face considerable barriers to
creating convenient human–robot interaction for
programming. A rich set of programming compo-
nents is needed, along with sophisticated human–
robot interaction techniques for programming, and
a broad set of distributed infrastructure compo-
nents. Our goal is to design and build a compre-
hensive, versatile system for programming robots.
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[44] F. Trépanier, “A graphical simulation and visualisa-
tion tool for distributed mobile robotics applications,”
Master’s thesis, University of Auckland, New Zealand,
2003.
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