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Abstract

This article describes results of the work on knowledge representation techniques chosen
for use in the European project SIARAS, Skill-Based Inspection and Assembly for Recon-
�gurable Automation Systems. Its goal was to create intelligent support system for recon�g-
uration and adaptation of robot-based manufacturing cells. Declarative knowledge is repre-
sented �rst of all in an ontology expressed in OWL, for a generic reasoning in Description
Logic, and in a number of special-purpose reasoning modules, speci�c for the application
domain.

1. INTRODUCTION

SIARAS is an acronym of an EU-funded (FP6 - 017146) STREP-project entitled Skill-
Based Inspection and Assembly for Recon�gurable Automation Systems. Its main
goal was to build fundamentals of an intelligent system, named the skill server, capa-
ble of supporting automatic and semi-automatic recon�guration of a manufacturing
processes. The ultimate purpose of this work is to provide support to robot users in
small and medium-size enterprises (SMEs) in Europe, where usually there is lack of
suf�cient expertise regarding systems engineering and robot programming so that the
companies are not able to solve complex recon�guration tasks. Therefore a lot of
SMEs refrain from buying advanced robot systems fearing the costs of external ex-
pertise. The skill server is expected to lower the cost associated with reprogramming
a robot.

In SIARAS, we identi�ed several types of basic concepts and related (non-
procedural) knowledge: skills, devices, tasks, workpieces, and environment, that we
used in the skill server (SkS), the major software system resulting from the project.
From another perspective, we may speak about three kinds of knowledge: generic (no
domain information required), general domain knowledge (time-related, geometry-
related, etc.), and domain-speci�c (e.g., welding, assembling, machining, etc.). In
accordance, the reasoning algorithms, their location, and interface have to be care-
fully determined.

�This work has been supported by the EU-project SIARAS (FP6 - 017146).
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In this paper we describe the solutions adopted in SIARAS for building the
Skill Server and the results obtained so far. More details can be found in SIARAS de-
liverables [3, 16, 1] while a partial design has been described in our earlier paper [12].
This paper completes the introduction presented at the 9th KKR conference [2].

The paper is divided as follows: �rst we review the related work. Then we
describe the ontology adopted as the basis for declarative knowledge representation.
In the next section the system architecture is presented. Then follow details of the
declarative representation of devices and skills. Afterwards comes a discussion of
mechanisms implementing domain-speci�c knowledge. Finally, we brie�y describe
the system in action.

2. RELATED WORK

The research on knowledge representation has been extensively documented. One of
the recent textbooks, offering a very good overview of the �eld, is [5].

The organization that made discussions on semantic web and, in particular,
on ontologies popularized, has an extensive library of published documents at the
W3Consortium's Semantic Web site [23]. In particular, the speci�cations of the most
popular KR formalisms, like OWL [24] or DAML-OIL [7], together with available
tools for using them, are provided there.

Production planning is usually considered (within the �eld of AI) to be a part
of the automatic planning domain. However, besides the classical manufacturability
analysis, reported recently in [8], there is in principle no thoroughly documented re-
search on using ontologies in automated production planning. However, there is an
extensive research aimed at supporting the engineering activities in production design
by providing modeling languages and tools allowing formal, automatic analysis of the
discussed process. One of such early works is [22] where an automatic planner for
a robotized cell is proposed. Quite naturally, most of those formalisms and tools are
heavily domain-dependent, with a small number of exceptions explicitly stating the
goal of being general-purpose tools. We may name here the Sensor Modeling Lan-
guage which offers a rich sensor ontology (see http://www.sensorml.org for an
extensive documentation). A dual enterprise is the uni�ed robot modeling language,
(URML), from the University of Karlsruhe. Unfortunately, URML does not provide
representation facilities for the dynamic aspects of robot performance.

Finally, an important attempt to formalize the language for speaking about
production processes has been done at NIST, which created the Process Speci�cation
Language [20]. The language, and some of the associated tools, served as a reference
point for the ontology developed within SIARAS.

From the application perspective, there has been some work done on con�g-
uration, although most work focused so far on con�guring computer systems or ser-
vices. For an overview, see [19]. A presentation origination from SIARAS research,
but focusing on workpiece modelling, is given in [4]. Finally, the ideas developed
in SIARAS become starting point for the concept of Knowledge Integration Frame-
work being currently developed by the Rosetta project (www.fp7rosetta.org, see
e.g. [17, 14]).
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3. ONTOLOGY

We have decided to center knowledge representation around the concepts of devices
(physical objects provided by their manufacturers) and skills, while task descriptions
exist only during problem solving sessions, as dynamic structures. Tasks can be seen
as (arguably, quite complex) combinations of skills and therefore there is no need to
have them explicit in the vocabulary.

This static part of the knowledge is represented in an ontology: a data struc-
ture storing all the necessary relations between the terms used. Quite often ontologies
are used for classi�cation purposes. In the skill server case the classi�cation is done
when objects (devices) and their capabilities (skills) are introduced in the structure,
therefore we can as well refer to it as plain taxonomy. The ontology forms a dis-
tributed system containing a quite complicated skill structure and libraries of devices
(leafs of the taxonomy).

We have chosen the open source tool Protégé [13] for ontology creation and
manipulation due to its openness and modi�ability.

In our approach, the ontology is used for reasoning about skills matching par-
ticular tasks (after some initial re-parametrisation) and about devices offering those
skills (under certain conditions). A pure ontology, which is nothing more than a set
of logical statements, expressed in our case in OWL language [24] being a slightly
weaker language than �rst-order logic, may be used for retrieval, pattern matching
and simple classi�cation (not really useful in our case), while other forms of reason-
ing, like planning, optimizations, consistency checks, etc., need to be done by more
powerful reasoners, either general-purpose ones or those specialized to a particular
application domain. The generic tools that have been used by us so far are Racer [9],
Fact++[10], Algernon and Pellet. They differ in their reasoning power and ef�ciency,
being able to handle either a restricted Description Logic language [21] (like OWL-
DL offered by Protégé) in an ef�cient (polynomial complexity) manner [6], or a (more
expressive) OWL-Full [24] representation, but using search algorithms of exponential
complexity. We also have the possibility of choosing a different reasoner depending
on the question asked, thus achieving �exibility and adaptability of the system.

4. SKILL SERVER DESIGN

Figure 1 shows the architecture of the skill server. Three components �t in the center
of the picture: the main loop of the skill server, an ontology, and a database. The
ontology module holds all the generic knowledge of the system. It corresponds to
skills, tasks they can perform, sensors and actuators involved, operations of instanti-
ated skills (i.e. with a �xed device associated with it), workpieces involved, etc.

The stated goal of the Skill Server is recon�guration of an existing, correctly
parametrised process. Thus, �rst the current task� has to be de�ned by a user (be

�By task we understand a description, possibly hierarchical, of the intended operation to be performed,
leading to some intended state, e.g. �Mark the plate with Braille inscription�. A skill is a concrete ability
of some device, e.g. a robot equipped with a drilling tool can drill holes. Finally, a process is a concrete
realisation of a task by a set of skills provided by the devices used in the workcell.
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Fig. 1. The skill server architecture

it the system engineer or an end-system-user), using an appropriate user interface
facilitating this duty. In order to constrain the task descriptions to ones understood
by the skill server, the user interface has to consult the ontology in an appropriate
way. As a result, the actual task description is created. It may be thought of as a
data/knowledge structure, subsequently manipulated by the system. We use for this
purpose a modi�ed Sequential Function Chart (SFC), as de�ned by the IEC standard
61131-3 [18].

Next comes the main loop of the skill server. It begins with the user asking
for a particular reparametrization or recon�guration of the current task. Possibly it
may consist, at least partly, of some manipulation over the actual task description
(�What if?�). The server then analyses whether the current set of operations is still a
valid realization of the task and, if not, it suggests changes. It employs both generic
reasoning, available via external reasoners attached to the ontology, as well as using
domain-dependent reasoning modules, represented here as plug-ins, attached to the
core server using well-de�ned protocol and interface.

Finally, an important part of the original knowledge is this part of the ontology
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that has been named Device Library. Formally, the device descriptions are elements
(leafs) in the ontology. However, the device library forms virtual parts of the ontology,
plugged-in as needed and as available. The library (or libraries) could reside and be
maintained by device manufacturers (e.g. Abb, Kuka or Motoman), who would put
in there everything that is necessary for a device to �t the (common) manufacturing
ontology and to be meaningfully used, and reparametrized, by the skill server. This
structure is named �database� in the Figure above.

5. CONTENTS OF THE SIARAS ONTOLOGY

The SIARAS ontology contains knowledge about (abstract) skills and about devices
and their properties. This is an area for which ontology is well-suited, so it is both easy
and ef�cient to specify that, for example, a concept of vacuum gripper is a subconcept
of gripper, which in turn is a subconcept of device. Similarly, a vacuum-pickup skill
is a subconcept of pickup skill. An ontology allows one to specify properties of each
concept, with natural inheritance rules. Thus we can assign mass property with the
concept of device and number of �ngers with ��nger gripper�.

The �rst concept that has been introduced in the ontology is a device. We
expect the device vendors to add their devices as leaves in the ontology, which ensures
that they �t the classi�cation properly and that all the required attributes are �lled
in. However, it is clear that not all constraints put on devices can be veri�ed by an
ontology reasoner, mostly due to lack of an appropriate domain knowledge, so we
need to use more powerful tools for that.

Next, there is a need to represent connections between skills and devices.
In particular, each device is able to perform one or more skills, and each skill can
be performed by one or more devices. The hierarchical structure of the ontology is
very useful here, as it allows us to specify that vacuum gripper has a vacuum-grasp
skill, from which skill server will automatically deduce that it is a gripper and has,
therefore, a (more generic) grasp skill as well.

Finally, when talking about robots, it might be necessary to specify that a
robot uses a gripper to perform some skill. Doing it properly is outside the represen-
tational power of an ontology, at least in the form it has right now. We use the concept
of compound devices for this purpose.

Tasks can be thought of as generalizations of skills along (at least) two axes:
�rst, they are time-ordered sequences (or partially parallelized) of skills (or rather
skill applications): for example, a relocate task can be seen as a sequence of pickup,
move and putdown skills. In addition, it could make sense to have hierarchy of tasks,
with windshield �tting task decomposing into �nd windshield, position windshield
and attach windshield subtasks.

Tasks constitute means of achieving a particular goal, and a reasoner needs to
be presented with at least some description of this goal. It needs to be able to reason
about rationale for each task and about reasons why a particular device and particular
parameters were chosen. At the very least it needs a list of criteria which distinguish
acceptable execution of this task from unacceptable ones, leading to errors.

On the top level, the ontology is split into several categories:
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ObjectBase Every physical object can be modeled as a simple Part, or as an Assem-
bly consisting of parts or other assemblies. It is mainly intended to hold infor-
mation about geometrical dependencies of objects (like e.g.,�The �nal product
consists of a printed circuit board and a camera mounted on it.�), as logical
and functional dependencies, in particular regarding devices, are handled by
the mechanism described below.

Operation The vocabulary needed for talking about operations� that are performed
by a device. An operation can be Atomic, i.e., an invocation of a skill, Paral-
lel, forming a complex of two (or more) operations performed in parallel, or a
Sequence denoting a complex of two (or more) operations performed one after
another§.

(Physical)Object A work cell consists of PhysicalObjects. Some objects, Devices,
are active and have skills, while other, Workpieces, are passive and are being
manipulated by the devices while executing tasks. The device hierarchy is quite
deepin order to mirror the diversity of actual devices used in automation sys-
tems.

Property The Property hierarchy enumerates those properties of devices and skills
which are interesting for the system to reason about. In particular, the sub-
tree containing the physical properties of devices is very numerous, illustrating
the focus taken during the prototyping. However, it is expected that the other
branches of this hierarchy may grow as necessity arises.

Skill A Skill represents an action that might be performed (by a device) in the context
of a production process. The skill hierarchy is divided into six subcategories,
each for different types of skills identi�ed by the SIARAS consortium. The
major subcategory isMainFunction where the manipulation and manufacturing
skills are de�ned.

There is also one important category, CompoundSkills, which is used for mod-
eling complex skills which are aggregated from the simple skills found in the on-
tology. As an example we can name the DRILL skill, consisting of the following
steps (corresponding to primitive skills): APPROACH (the start position), STARTRO-
TATION (of the drill), MOVELINEAR (down), MOVELINEAR (up) and STOPROTA-
TION. DRILL has its own purpose, different from purposes of its steps (namely to
create a hole in the workpiece), and has to be treated as a unit in some contexts, while
in others reasoners may need to analyze in detail each single step of this compound
skill.

6. COMPOUND DEVICES

Most devices are not useful in isolation in a manufacturing cell, but must be combined
with other devices to make a meaningful compound device. For example, consider

�An operation is de�ned as an instantiated skill. It is the basic element of task representation.
§We have not made use of the operation concept in the deployed version of SkS.
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controller_1: ABB_IRC5

ioboard_1: dig328

robot_1: ABB_IRB-140

clamp_1: AngleGripper

drillmachine_1: Bosch_GBM_10_RE

drillbit_1: DrillBit_HSS_8mm

SubDevice: controller_1,ioboard_1

SubDevice: controller_1,robot_1

SubDevice: drillmachine_1,drillbit_1

SubDevice: robot_1,drillmachine_1

controller 1

ioboard 1 robot 1

drillmachine 1

drillbit 1

Fig. 2. Device speci�cation from a task description on the left. Corresponding device tree on

the right

a possible set of devices needed for an industrial robot to perform drilling in work-
pieces: robot controller, I/O board, robot arm, drilling machine, drill bit, �xture. None
of these devices is by itself capable of drilling a hole at a speci�ed location; a drilling
machine can not position itself at the correct position, nor can it drill a hole without a
drill bit attached to it. Only by connecting¶ together all the devices mentioned above
may the resulting compound device perform a drilling operation.

Since the skill server generates con�gurations for a robot cell, it must also
be able to reason about how, and when, devices are connected to each other. We
have therefore introduced a device relationship in the ontology, hasSubDevice $
isSubDeviceO f , in order to model compound devices. A difference compared to other
relations in the ontology is that it is dynamic instead of static. Device instances in a
device library will not typically be statically connected to any other device instance.
Instead, a task description where a speci�c device instance is used, must also specify
how it is connected to other devices listed in the task description. An example on
specifying device relations is shown in Figure 2.

Yet another aspect of combining devices into compound ones is computing
their properties out of the properties of their elements. In some cases this operation
is obvious: e.g., a gripper can hold an object, thus a robot equipped with a gripper
can also hold an object (simple inheritance). However, the allowed payload for such
a compound device will not be inherited, but rather computed in a particular way. e.g.
min(payload(robot)�weight(gripper);payload(gripper)) There seems to be no ob-
vious way to devise a generic inheritance mechanism for compounds; we currently
assume that this is domain-dependent and normally speci�ed by the expert user, al-
though other possibilities may also be investigated.

¶Connect should here not be taken literally but in a logical sense: controls/is controlled by.
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7. DEVICE LIBRARY

The properties identi�ed for a device library to be usable and maintainable are:

� distributedness: the information may exist in several repositories, but needs
to be dynamically merged in one place in order to be used by SkS;

� heterogeneity: the parts of ontology may be stored in different formats, e.g.,
core as an OWL XML �le, device library as databases;

� multiple access protocols: we assume that parts of the device library (or, more
generally, of the ontology) may be stored in several places, e.g.,

� locally on the SkS server;
� on a database server within the company using SkS;
� on database servers provided by device manufacturers;
� on web-sites of the device manufacturers;
� in the devices themselves (with a specialized access protocol).

Therefore there needs to be multi-protocol interaction between the skill server
and the ontology providers, resulting in the actual ontology becoming avail-
able for computations when needed.

A preliminary study of such a distributed solution has been designed and implemented
recently as a Master thesis project in Lund University [11].

One important aspect of the device library is that it must contain not only
static information about the devices (like name, properties expressed using discrete
parameters, e.g., weight, power consumption or accuracy) but also geometric infor-
mation, which may be parametrized in some way (for this purpose we assume a COL-
LADA speci�cation pointed to by an appropriate URI) and some description of the
dynamic behavior of the device. The behavior may be described in many ways and it
will be the visualization/simulation interface that determine what kind of descriptions
will be necessary or useful. In SIARAS we have used Python programs runnable
in the 3DCreate environment, both for visualization and for simulation purposes. In
ROSETTA, the choice is Rapid language interpreted by the ABB Robot Studio en-
vironment. However, there may be more than one behavioral model, extending the
utility of information contained in the device library.

8. WORLD MODEL

There have been two aspects of skill modeling in the skill server: static, contained
mainly in the ontology, and dynamic, created for and in a particular task. The former
one has been covered by the earlier sections. The second aspect is partially captured
in the primary data structure of the skill server, named the world model.

The main structure of the world model (later WM) is a transition system (a
sequential function chart in case of SIARAS, build using a dedicated user interface
based on JGrafChart tool (http://www.control.lth.se/grafchart/)) and anno-
tated with the necessary pieces of knowledge as e.g., purpose (which needs not to
be obvious � in such a case it would have been retrieved from the ontology), opti-
mization criteria to apply, etc. All skills are instantiated with parameters, including
devices, and therefore may also be referred to as operations. Each operation has a set



Declarative recon�guration

of pre- and postconditions speci�ed, and a geometrical model of the state before and
after the operation is given. The pre- and postconditions are particularly important for
synchronization of the operations, including workpiece manipulations and dependen-
cies. Besides the geometry there is also necessity to include other aspects of the work
cell model, i.e., communication between devices, timing constraints, used interfaces
and signals.

In order to allow the reasoners to perform their duty, accessor methods should
necessarily present the contents of the world model in different views. E.g., given that
a compound device may consist of a robot arm, a drilling machine and a drill-bit,
the apparent views are here robot-centric (joint-wise or end-plate-based), tool-centric
(important for the performed operations, e.g. drilling) or process-centric, focusing on
the parameters of the operation itself.

9. UTILITY FUNCTIONS

The design of the skill server assumed that knowledge is incrementally added to the
server in form of utility functions (below shortly UFs), plug-in modules possessing
speci�c knowledge about some aspect of manufacturing, and contributing to the skill
servers effort by their expertise. The concept may be compared to the blackboard
architecture [15], where modules called knowledge sources (KS) discover in a com-
mon data structure called blackboard how they can contribute to the problem-solving
process by performing some computations or reasoning they are capable of. They do
what they are de�ned for and store their results on the common blackboard for other
KSs to use. In case of skill server, the knowledge sources are namedUtility Functions.
The assumptions underlying this computational model may be speci�ed as follows:

� UFs have (read) access to the complete world model. There seems to be
no point in hiding any information, except maybe intermediate results that
shouldn't be put in the WM anyway;

� UFs return answers that SkS can understand, plus always an explanation
string, understandable for humans (which may be displayed in the interac-
tion area of a GUI, see below);

� UFs are always active and determine by themselves whether they are rele-
vant, have enough data and what kind of result is appropriate at this moment.
E.g., the latter may depend on whether SkS considers now a simple skill or a
compound one, what is the context of the computation, etc.

� Skill server performs its functions by walking through the operations of the
given task and analyzing their parametrization according to user's requests.
At every moment SkS needs to know (as do all UFs it exploits) what is the
current skill and what are all the compound skills containing it;

� UFs are also informed what is the expected outcome in the current state
of reasoning, which may be one of the following alternatives: show (cur-
rent parametrization), evaluate (feasibility), �nd (some parametrization, or
acceptable parametrization, or even best parametrization), tune (the current
parametrization further), and make (create con�guration �les);

� UFs are written by people not having contact with each other, not knowing
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the details of other UFs, and therefore the interface needs to be suf�cient to
ensure interoperability between completely unknown pieces of code.

It should be obvious that in such case the UFs cannot modify the WM by themselves
without creating havoc: they have to pass their results to the skill server, which then
treats them appropriately, depending on what kind of function it is and what kind of
result it provided. How to do it properly is a matter of policy, above everything else.

Utility functions provide the core knowledge about details of manufacturing,
in particular about skills of devices and their concretizations in form of operations
included in the current task description. Even though the core skill server has some
reasoning capability for generic questions, the majority of work is normally done by
the UFs.

10. DEMONSTRATOR

The results of the SIARAS project, in particular the Skill Server, have been presented
in a demonstrator cell at the AUTOMATICA 2008 fair in Munich. The server, asked to
recon�gure a particular manufacturing process (e.g., by changing workpiece material
from wood to metal, or by changing the sensor used in quality control) could detect
necessary changes to be done, verify the process consistency after changes, or even
employ an external simulator to analyse the reachability conditions. More details
regarding the demonstrator are available on the project home page www.siaras.org.

Of course, this demonstrator should be seen only as a proof of concept, i.e.
that the algorithms and technology used to create the system have the expected poten-
tial and are principally correct. The next step is to �ll the Skill Server with suf�ciently
much knowledge so that it becomes useful in an typical SME. This requires much
work from the side of device manufacturers. The actual utility as well as scalability
will not be possible to judge before the knowledge base is suf�ciently large.

11. CONCLUSIONS

In SIARAS the declarative approach to generic automation-related knowledge rep-
resentation in an ontology is combined with procedural (or sometimes rule-based)
representation of domain-speci�c knowledge contained in the utility functions. It has
been used in Skill Server which has been demonstrated in practice as a possible way
of knowledge-based recon�guration of a production cell consisting of two robots with
exchangeable tooling and a vision-based quality assurance system.

We are convinced that this approach provides a powerful combination allow-
ing to solve non-trivial recon�guration problems, in particular given opennes of the
architecture and modularity of the approach. However, the non-declarative part is a
major obstacle for further scalability of the solution. Our next research step is �nding
a smart solution to this problem. Another future project is making the system open,
accessible using open-source tools, like e.g. Blender, for visualisation and simulation.
However, the ultimate veri�cation will be done by end users eventually accepting this
tool.
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