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Abstract. This paper discusses the nature and role of “grounding” in
designing programs for controlling autonomous mobile robots. Since its
inception, artificial intelligence has been plagued by problems of scaling
and brittleness. A fundamental problem impeding the development of
artificial intelligence is our dependence on grounding agents by design.
That is, currently agents tend to be grounded by their designer’s under-
standing of the world, task, and robot. However, little (if any) of the
knowledge of “how to ground” is embedded in the artificial agent. Con-
sequently, brittle, purpose-built systems result. This paper explores how
the intellectual burden of grounding can be shifted from the programmer
to the program by designing robots capable of grounding themselves. An
overview of a grounding oriented design methodology (Go-Design) is pre-
sented - an initial step towards the longer-term objective of developing
autonomous grounding capabilities.

1 Introduction

A common feature of research in the field of autonomous robotics involves the
development of systems capable of performing specific tasks in controlled, micro-
worlds - environments in which the complexity and unpredictability of the real-
world is simplified, either by the designer choosing to ignore large parts of it,
and/or by the designer controlling or modifying the environment. The driving
assumption of the micro-world paradigm is the artifacts produced for the micro-
world environment can serve not only as a proof-of-concept, but also as a starting
point for “scaling-up” to more sophisticated, “intelligent” and general-purpose
programs. The history of AI is littered with examples of micro-worlds, such as
blocks world, chess, and more recently robot soccer. However, the great promise
offered by many systems developed for micro-worlds has yet to translate to the
real-world, and thus we have the related problems of scaling [1,2] and brittle-
ness [3].

In this paper we discuss the nature of grounding [4,5,6] and consider the
implications for both RoboCup and artificial intelligence more generally. The
paper begins (Section 2) with an interpretation of the grounding process, i.e.
what “grounding” exactly is, and how we currently approach the problem. In
Section 3, the role of grounding in RoboCup is discussed, and it is argued that our
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ability to develop robust and scalable systems is restricted by our failure to treat
the grounding problem as a problem per se. Section 4 discuss the longer-term
goal of developing autonomous grounding capabilities. In Section 5, a (very) brief
overview of a grounding oriented design methodology (Go-Design) is presented,
together with examples of its application in the robot soccer domain. The paper
concludes by discussing the benefits and limitations of Go-Design, together with
future work.

2 Grounding

The term grounding in the context of artificial intelligence and cognitive sci-
ence is related to the concepts of “meaning” and “understanding”. For example,
symbol grounding [5] concerns how the symbols of a symbol system can become
meaningful to the symbol system, while the physical grounding hypothesis argues
that representations should be “grounded in the physical world” [6]. In layman’s
terms, to say a person is “not grounded” could mean that their understand-
ing or beliefs about the world (or a particular topic) are incorrect, irrelevant,
or even delusional. In contrast, a grounded person is indeed the opposite - for
example, “the mechanic has a solid grounding with regards to truck engines”
implies the mechanic has either experience, or a thorough understanding, of the
mechanics of truck engines. It is this meaning of grounding - loosely described
as a perceptually-related “understanding” of the world - that we are concerned
about in this paper.

While many researchers argue that for an artificial agent to be grounded it
must autonomously learn the “meaning” of representations [5,8,7], the fact is, all
artificial agents are embedded by design in their environments. That is, designers
use their knowledge of the problem to design appropriate control mechanisms,
regardless of the balance between knowledge acquired through learning versus in-
nate knowledge endowed to the robot’s control program a priori. So, is grounding
the process of writing control programs? No, but it is involved in this process.
More specifically, we ground robots by understanding the world for them. The
process of embedding an artificial agent in an environment involves identifying
regularity and structure within the world that can be used for decision-making.
For the designers of robot control programs, it can be as simple as making de-
cisions regarding “what” to perceive and represent. For example, the designer
of a control program for an autonomous vehicle may decide to represent and
perceive other cars, traffic lights, pedestrians and so forth. Likewise, with regard
to implementing a representation design, developers may make decisions such as
identifying a sensor state (e.g. a sensor value or pattern of values) which corre-
lates to something in the real world, or in the case of a learning system, develop
a (biased) learning algorithm to learn such a relationship. Unfortunately, we
often encode little of this knowledge of how we understand the world into the
program, and a “code-and-fix” iterative development paradigm results.
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2.1 Groundedness

Robot soccer presents an excellent domain for comparing the groundedness of sys-
tems. Anyone who has ever had “hands-on” development experience in robotics
knows a robot’s model of the world will invariably have a degree of error, and the
nature of that error can vary. For example, a robot soccer player may miscalcu-
late the distance of the soccer ball from the robot, or alternatively fail to “see”
the ball entirely. The term “groundedness” [9] refers to the quality of an agent’s
grounding - i.e. how well the agent is grounded. Systems from airline reservation
databases to autonomous mobile robots rely on grounded representations. For ex-
ample, an airline reservation system must manage information about flights and
passengers in a way that corresponds to real flights and real passengers. Similarly,
an autonomous mobile robot that navigates a physical space will be more effective
in achieving its objectives if its internal representations of physical barriers corre-
spond to real physical barriers in its environment. Despite the varied approaches
to grounding, little attention has been paid to measuring and assessing the per-
formance of different theoretical approaches and practical implementations (ex-
cept for [9]). For example, consider a soccer playing robot and its representation
of the location of the soccer ball. The representation of the ball’s location may
be in error by the smallest of distances (e.g. 1 millimetre), a large distance (e.g.
1 metre), or somewhere in between. Thus, when considering if a representation is
grounded, our judgements must be made with respect to task requirements and
task performance. That is, designers must specify and understand what consti-
tutes a grounded representation for each grounding problem.

3 Grounding: From RoboCup to the Real-World

The domain of robot soccer provides a common benchmark for demonstrat-
ing, comparing, evaluating and (hopefully) sharing state-of-the-art techniques
in robotics and artificial intelligence, with the aspirational goal of bettering the
world’s best human players by 2050. Examples of grounding in the RoboCup
domain are abundant - sensor data is interpreted by designers/programmers as
being “about something”; designers choose what to represent, modeling things
as the soccer ball and the robot1; and designers build elaborate decision-making
routines which rely on the state (and “correctness”) of these models. The com-
mon aspect of all approaches to grounding in robot soccer is that systems are
predominately grounded by their designers, with little or no knowledge of “how
to ground” embedded in the resultant programs. As a consequence, the systems
we build tend to be brittle in the face of unanticipated (from the perspective of
the designer) changes in the environment or task, and as such, robotics devel-
opment is (generally) a highly iterative code-and-fix paradigm2, in which devel-
oping systems capable of scaling up to human levels of intelligence has (so far)
proven unattainable.
1 And anything else that is useful in winning soccer games.
2 But not always - e.g. a Mars rover needs to work first time.
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Due to the ease and effortlessness of which we “make sense” of the world, de-
velopers often tend to underestimate the complexities and difficulties in building
autonomous agents. The grounding problem is a difficult problem, and has been
compared in difficulty to the entire problem of artificial intelligence[5]. The em-
bodied, real-time nature of robot soccer means the grounding problem can’t
be avoided - all robots must be grounded in someway. Rather, the pertinent
questions are “how are they grounded?”, and “how well are they grounded?”
(i.e. their groundedness). Importantly, the autonomous systems developed for
RoboCup are overwhelmingly grounded by design (that is, grounded by their de-
signer’s understanding of the world and task), with minimal autonomous ground-
ing capabilities endowed to the autonomous system. Thus, such solutions tend
to be handcrafted to the specific RoboCup environment of each competition,
in which the soccer field configurations are (generally speaking) slowly transi-
tioning towards more natural environments (e.g. through the gradual removal of
distinctive landmarks and controlled lighting). Designers typically handcraft per-
ception mechanisms, with the role of learning usually restricted to gray-box[10]
parameter-optimization (rather than learning new “concepts” or entirely novel
ways of doing things).

Despite the gradual and ongoing evolution of RoboCup soccer fields towards
more natural environments, programmers have failed to to turn over the process
of grounding to the programs they create. Today’s implementations are success-
ful because of a designer’s insight into each particular problem. For example,
consider the legged-league3. In the legged-league, over many years, distinctive4

landmarks to assist with localization have gradually being reduced in number
and in their “distinctiveness”. However, as landmarks have been removed, rather
than build systems which find their own landmarks, we (designers) have chosen
new landmarks for the robots to localize off (e.g. instead of writing vision mod-
ules for perceiving beacons we write vision modules for perceiving field lines),
and busily set about hand-crafting a solution for perceiving the new chosen land-
mark. Thus, the designers of the program (rather than the program we created
to control the robot) are making the decisions about which entities in the envi-
ronment are worth perceiving. Unfortunately, such an approach is not scalable
- in the real-world designers can’t make such decisions on behalf of so-called
“autonomous” robots.

4 The Objective: Autonomous Grounding

Systems that are robust, adaptable, and scalable will need to be capable of
performing their own grounding. Ideally, the process of adapting to a new or
changing environment, task and/or embodiment should be autonomous. Ground-
ing representations has two key problems - the problem of “relevance”, which
involves deciding “what” to represent; and the problem of “reference”, which
3 Sadly, 2008 is the Legged-League’s final year of competition due to the discontinued

Sony AIBO.
4 i.e. easily perceived.
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involves maintaining the correspondence between representations and their ref-
erents [13]. Ensuring the groundedness of agents’ representations is imperative
for successful autonomous decision-making, with the manual creation and main-
tenance of representation being one of the largest costs associated with deploying
robots. Any artificial agent operating in a changing environment is required to
respond appropriately to that environment, and thus must have a “solution” to
its particular grounding problem. However, when grounding agents, decisions of
relevance (i.e. what to represent) and reference (i.e. how to maintain that rep-
resentation over time) are, on the whole, made manually by designers, rather
than by programs - i.e. robotic agents are grounded by design. As such, cur-
rent approaches to grounding robotic agents are ad-hoc - we make the decisions
regarding relevance and reference on a case-by-case, system-by-system, task-by-
task basis, but we embed little (if any) of the knowledge of how we find struc-
ture and meaning in the world. Therefore, such solutions are usually restricted
to the particular domain for which the agent operates. As our robots can not
autonomously ground themselves, robotic systems tend to brittle in the face
of change, and a highly iterative “code-and-fix” development paradigm results.
Thus, a general solution to the grounding problem is required.

4.1 Current Approaches

A large body of multi-disciplinary research has been generated by the grounding
problem. While grounding-related research varies in implementation and appli-
cation, most approaches have focused on ascribing meaning through categori-
cal perception. These approaches assume grounding can be achieved by linking
“symbolic” representations to sensorimotor, “subsymbolic” representations that
are “invariantly” correlated (or are “causally” related) with the real-world phe-
nomena being represented. In other words, I know what a pizza means because
I know what it tastes like, smells like, looks like, feels like, and so forth - and
therefore, if we could do the same for a robotic system (using cameras, taste
sensors, etc), the robotic system’s meaning of pizza would also be grounded [14].

In practice, this “robot functionalism”[15] is realized by most grounding
approaches utilizing machine learning techniques to map associations between
representations and sensor data. All are concerned with how to make representa-
tion meaningful, though what constitutes representation and meaning is
different under each approach. Hybrid systems ascribe meaning to a high-level
symbolic reasoning system by connecting the symbol system to machine learning
algorithms capable of forming categorical (subsymbolic) representations of senso-
rimotor data, e.g [5]. In such systems, the process of symbolic theft can enable the
construction of new concepts, including those that are abstract or imagined [11].
Behaviourist approaches treat the grounding problem as a practical problem of
finding the right “function” to control a robot’s behaviour, and thus the represen-
tation being grounded is the entire control program itself [6,12]. Lastly, develop-
mental robotics embraces a life-long learning approach to robot development (e.g.
[16]), and proponents of this approach argue that if a robot learns its own repre-
sentations then such representations are grounded. Most grounding approaches
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focus on the problem of reference, and there is little (if any) grounding research
devoted to the problem of relevance, with most decisions regarding relevance (and
to a lesser extent reference) made by designers, not programs.

5 Go-Design

“Grounding Oriented Design”[13] (or Go-Design for short) is a methodology
for designing and grounding the “minds” of robotic agents. Due to our interest
in grounding, Go-Design focuses on understanding (both of the developer and
robot) by providing a simple means for modeling knowledge and decision-making
in robotic systems. The design process has two main components:

– Processes, guidelines and techniques for designing a robot’s mind in terms
of units of encapsulated abilities which we call skills.

– A modeling notation for representing a mind’s design through skill diagrams.

In this section we present a (very) brief overview of Go-Design.

5.1 Motivation

The development of Go-Design was motivated by the need to solve the ground-
ing problem. Go-Design, however, is not a solution to the grounding problem,
but rather a small first step towards understanding the difficult problem of how
we ground, with a longer-term view of automating this process. Thus, while Go-
Design focuses on grounding by design (as opposed to autonomous grounding),
Go-Design can offer developers assistance with the “here-and-now”problems re-
lated to the development of control programs for autonomous robots.

5.2 Objectives

When developing Go-Design, two main objectives were formulated:

1. To build a methodology which would improve the groundedness of systems
built using the methodology; i.e. using the methodology should result in
better grounded systems than if no methodology was used.

2. To build a methodology which, in the longer-term, can improve our under-
standing of the grounding process, and that in time can be extended to
automate the grounding process.

Both objectives concern improving the groundedness of systems - they dif-
fer only in scope. While the methodology focuses on assisting developers with
grounding robot minds by design, the methodology is intended to provide a base
from which insights into how we ground can be gleaned, with the longer-term
view of developing systems capable of autonomous grounding.

5.3 Design Considerations

How can we build a methodology to improve the groundedness of systems? Go-
Design was created based upon the following assumptions about the grounding
problem:
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Grounded Designers. Designing grounded robots requires grounded design-
ers. As grounding is task-specific, the first step of Go-Design is understanding
the nature of the current problem - a process called “context-level analysis”. This
process is similar to the requirements elicitation and requirements specification
processes that occur when building traditional software. However, Go-Design’s
context-level analysis is specifically tailored for the development of control pro-
grams for autonomous robots.

A Software Problem. Robot control programs will usually be implemented
in software, and therefore Go-Design treats the grounding problem as a soft-
ware development problem. The designs produced by Go-Design are sufficiently
detailed (pseudo-code is required) that translation from a grounding design to
a software implementation is a straightforward process. Go-Design provides a
single diagramming notation which captures the key aspects of both software
design (such as hierarchical, modular, layered designs, flow-of-control between
modules, and pseudo-code) and grounding design (such as representation, refer-
ents, perception, behavior, and decision-making).

The Relevance Problem. One of the main grounding problems is the prob-
lem of relevance - i.e. choosing what to represent. Thus, Go-Design provides
a set of structured steps to assist the designer in identifying relevant entities
that should be represented. This process involves firstly understanding the re-
quirements and nature of the task-at-hand, and then identifying the knowledge
required to achieve the task.

Problem Decomposition and Decision-Making. Knowing what needs to
be represented requires understanding the subtleties of what the agent must
do. Therefore, to identify the relevant entities that should be represented the
designer must identify the decisions the agent must make to respond appropri-
ately to changes in the environment. Go-Design involves iteratively decomposing
the problem task into subproblems until decisions are identified which map to
actions and behaviors the agent is capable of performing.

The Reference Problem. Grounding involves maintaining representations
with respect to a changing world. Therefore, Go-Design forces designers to iden-
tify and define (in terms of decision-making processes) the perceptual mecha-
nisms responsible for maintaining the correspondence between representations
and their referents, while also explicitly identifying the decision-making processes
which rely upon those perceptions.

Groundedness. When is the quality of an agent’s grounding “good enough”?
How do we “debug” ungrounded robots? A designer should be able easily ex-
plain why a robot is behaving in a particular manner - building a grounded
robot requires a grounded designer. To help ensure a high quality of grounding,
Go-Design guides designers through a process of identifying groundedness re-
quirements for representations based upon the consequences of decision-making
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processes which rely upon those representations. Also, Go-Design creates trans-
parent, easily understood designs in which the decisions that are dependent upon
particular representations can be easily traced and identified, as well as offering
structured processes for testing robotic systems.

5.4 Skills

In Go-Design, the main unit of abstraction are skills. Skills are encapsulated,
task-based abilities; they refer to “things” a robot mind can do; i.e. they are
labels we attach to processes which do or achieve something. Skills can be any-
thing - the ability to see, to throw and catch a ball, or to even “think”. We
could have called “skills” many other names, such as “abilities”, “capabilities”
or “things a robot can do”. Skills can use other skills - for example, being able
to “do the grocery shopping” requires the ability to “drive the car” coupled with
the ability to “find the shopping center”, and then after arriving at the shopping
center, the ability to “find a car park”, and to “find the grocery shop inside the
shopping center”, and then (once all the previous skills have been accomplished
successfully) there is the art of “finding and controlling a shopping trolley”, and
so forth - intelligent behaviour requires a rich assortment of skillful skills.

5.5 Skill Diagrams

Interactions and collaborations between skills are be modeled through the use
of skill diagrams. Skill diagrams can model three main types of interaction:

– Skill sequences. Skill sequences are skills that operate sequentially over time,
one after the other, like a chain. For example, “1. Find the car; 2. Start the
car; 3. Drive the car to the shops”, and so forth. In a skill sequence the term
skill-transition is used to describe when one skill stops and another starts.

– Concurrent skills. Concurrent skills that operate at the same time - for ex-
ample, the ability to drive the car while also being able to simultaneously
plan (and replan) the best route to the shops. Concurrent skills are also
represented through the use of skill-transitions.

– Skill decompositions. Skill decompositions are the labels we attach to hier-
archical groups of skills that do something as a whole. In other words, skills
are composed of subskills. For example, imagine a robot capable of “grocery
shopping”. Possible subskills could be “drive the car”, “find and control
a shopping trolley”, and so forth. For each of these subskills, they are, in
turn, also composed of subskills. For example, the ability to “drive a car”
requires skills such as “perceive and obey road signs and traffic laws”, while
the ability to perceive road signs in turn requires the ability to interpret and
discriminate certain collections of shapes and colours in the visual stream
as being particular meaningful road-signs. Thus, generally, for every human
behaviour there is a mountain of detail that we (designers of robot minds)
either ignore or take for granted - until we try and automate such processes
artificially.

Examples of skill diagrams are contained in Section 5.6.
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Fig. 1. A basic skill diagram representing the skills and skill transitions for
Kick-Ball-At-Goal. This figure also illustrates decomposition, with the skill
Aim-And-Kick decomposed.

5.6 The Design Process

Go-Design has two stages of design - “basic” and “detailed”. Basic-design in-
volves constructing a skill architecture, in which the skill abstractions are formed,
and the skill-transitions between skills are identified. The product of basic-design
is a skill architecture, consisting of skills, a skill hierarchy/decomposition, and
skill transitions. While a skill architecture can play a role in the high-level design
of an autonomous robotic system, for the purpose of implementing a software
solution more detail is required. Thus, a detailed-design is needed which provides
a blueprint for translating a skill architecture into software. In detailed-design,
we consider how to identify the knowledge, concepts, perceptions and decision-
making processes required for a robot’s mind to control that robot appropriately.
Detailed-design involves (and provides guidelines for):
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– Identifying each skill’s “type” as either an action, a perception, a decision, or
a behaviour. Actions operate without perception, perceptions are decisions
made about the state of the world, decisions are testable conditions, and
behaviours are skills which incorporate other skills, such as other behaviours,
perceptions, decisions and actions. Thus by definition, a behaviour can be
decomposed.

– Designing the representation required by each skill, including the concepts
(data structures), percepts (the stored memory of a perception) and memo-
ries (all other forms of internal state).

– Documenting the requirements of each skill, including the required level of
groundedness.

– Identifying the dependencies between skills and knowledge representation
through the use of flows.

Notation. An example basic-design is shown in Figure 1. Skills are represented
with rectangular boxes, with the name of the skill written below a numeric iden-
tifier. Skill-transitions can have transition-conditions, which are testable condi-
tions which signify when one skill should stop and another should start. We
represent transition-conditions by adding a caption (in lowercase) to the arrows
between skills on a skill decomposition diagram.

Figure 2 represents the detailed-design for a skill which enables a legged-robot
to spin on the spot, while avoiding obstacles (typically used in searching for
the ball). In the detailed-design process, the developer elaborates a basic-skill

Fig. 2. Spin-On-Spot-And-Avoid-Obstacle
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diagram by way of a set of guidelines and diagram integrity checks. Detailed
skill-diagrams include knowledge representation requirements, such as concepts,
memories, and the knowledge flows (represented by dotted lines) between knowl-
edge stores and the skills which rely upon, or modify, this knowledge. Also, in a
detailed-design skill diagram, each skill’s “type” is identified through the use of
a prefix5.

6 Discussion and Conclusion

This paper has discussed the nature and role of grounding in designing programs
for controlling autonomous mobile robots. We have argued that grounding is a
problem that must be overcome for the development of scalable and robust sys-
tems that can operate in natural environments, and therefore is critical to the
success of RoboCup’s aspirational 2050 target. A very brief overview of a de-
tailed grounding oriented design methodology (Go-Design) has been presented,
which is currently being utilized and evaluated as a means of designing and
representing systems in several domains, including RoboCup. Go-Design, while
focusing on grounding by design (rather than autonomous grounding), is an ini-
tial step towards the longer-term objective of developing autonomous grounding
capabilities, by assisting us (designers) understand how we ground autonomous
robots. Currently, plans are in place to utilize Go-Design’s skill architectures as
a representation for not only designing robot systems, but implementing them -
providing an efficient programming interface for grounding autonomous mobile
robots. This “second phase” of development of Go-Design will also allow for
dynamic (i.e. run-time) changes by the program of its own skill architecture -
eliminating one of the major current drawbacks of Go-Design (the static nature
of the skill designs).
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