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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract  

A major challenge for the use of industrial robots has been its programming, which requires expert knowledge. Offline programming tools, 
based on simulation models, are normally used to facilitate the robot programming. However, in many industrial applications the intervention 
of an operator is still necessary to correct the robot programs. This paper presents a concept based on a knowledge-based system (KBS) that 
integrates the capability to learn from manual adjustments conducted by an operator. Based on the learned data the KBS will be able to imitate 
the adjustments of the operator, enabling a full automation of the robot programming. 
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1. Introduction 

The trend towards mass customized products requires a 
high level of flexibility and automation along all processes in 
the production chain. These requirements are one of the 
biggest challenges that the developers of manufacturing 
equipment are being confronted by. The inherent flexibility 
and automation possibilities of robotic systems seem to be 
good qualities to defy these challenges. The use of industrial 
robots has been successfully demonstrated in several 
production processes. Even SMEs have already started to 
automatize some of their production processes using industrial 
robots. This trend can also be seen in current forecasts for the 
worldwide industrial robot supply, which predicts a global 
increase of almost 80% percent by 2020 compared to 2016 
[1].  

The use of robotic systems promises to bring a major 
flexibility in the automation, a quality of such systems that has 
not yet been properly exploited. The classical applications for 
industrial robots are repetitive production processes, where 
they work in a known environment and the programmed path 
never changes [2,3]. This contradicts the inherent flexibility of 
robotic systems. Furthermore, it reflects the impediment for 

their use in high flexible production processes due to the 
associated programming efforts. This can be confirmed by 
looking at the total costs of a robotic system that show one 
third being designated for its programming [4]. 

Industrial robots are commonly programmed using the 
following approaches: online and offline programming. 
Online methods are particularly suitable for the creation of 
simple programs or to correct programs. In this case, the 
operator moves the robot manually to the working pose, 
normally using a teach-in device. For this reason online 
programming is associated with a high expenditure of time for 
teaching-in the robot poses. To reduce the teach-in time other 
approaches have been developed e.g. the use of augmented 
reality [5]. However, the challenge of using operator 
knowledge remains unaddressed since the manual adjustment 
are not being modelled, making it difficult to use the applied 
knowledge in similar problems. In the field of humanoid 
robotics the use of programming by demonstration 
techniques, where an operator physically leads the robot, 
teaching it complete trajectories was demonstrated by [6]. 
Furthermore other approaches have been investigated for 
programming robots using different input and information and 
devices [7,8]. Nevertheless, most of the approaches 
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concentrate on the modelling of the robot trajectories rather 
than on the modelling of the robot poses, which is more 
relevant in some industrial applications. 

On the other hand, offline programming approaches using 
simulation models have proven to be more suitable for 
generating more complex robot programs. However, the 
simulation requires an extensive model of the robotic system 
and the production process. The norm DIN EN ISO 10218-2 
describes an industrial robotic system by its elementary 
components: an industrial robot, an end effector and any other 
objects which form part of the robot cell [9]. In order to model 
such complex systems some works have opted to use 
knowledge-based systems (KBS). One of major advantages of 
knowledge-based systems is the separation of the modelling 
process into single expert domains (robotic system, 
production process, environment), allowing a high modularity 
of the whole system model [10]. Some works have 
demonstrated the high flexibility of such systems and 
developed knowledge-based frameworks for programming 
robots to autonomously execute pick and place tasks [11,12]. 
Further works in the field of industrial robotic systems have 
as well proven to be successful for programming welding 
tasks with knowledge-based models [13,14].  

Robot programming can be time consuming and requires 
expert knowledge of the robot and the production process. 
Some of the revised approaches have already dealt with this 
problem to ease the programming effort of robotic systems by 
using simulation models to automatically generate robot 
programs, composed of robot poses and paths. However, the 
validity of the calculated robot poses and paths is directly 
affected by the quality of the simulation models [3]. The 
implemented models may fail to calculate valid robot poses 
and paths, particularly in production processes, where some 
effects influencing the process have not been entirely 
investigated and modelled. In these cases, the inaccuracy of 
the model must be manually corrected by the operator for the 
affected robot poses and paths. Since the used models for the 
simulation cannot be updated, the operator may be applying 
similar changes to all affected robot poses and paths. 
Depending on the production process and robotic system, this 
task may result being very time exhaustive. To address this 
problem, our work introduces a concept that combines the 
explicit modelling of the system with the integration of 
implicit knowledge from the operator. The gathered 
knowledge is then used for updating the system model. Our 
proposed approach bases on a learning knowledge-based 
system (KBS), which comprises three fundamentals steps: 
integrating, modelling and processing of knowledge.  

2. Concept overview 

Based on the revised approaches for the programming of 
industrial robots, our work proposes a learning KBS that 
additionally extends the system modelling to the integration 
of new information provided by the operator.  The diagram, 
shown in Fig. 1, summarizes the workflow of the system and 
gives an overview of the main modules. 

The first module deals with the collection of external 
information. Thus, the primary objective of the knowledge 
acquisition module (KAM) is to collect every possible 
information of the system as well as the feedback of the 
operator. The KAM operates as an information interface 
between the real system and the KBS. In the next step the 
gathered information of the KAM is integrated into the 
knowledge modelling module (KMM). The entire data model 
of the whole system builds the knowledge base (KB). The KB 
works just as a model and storage of the gathered information. 
The utilization of the information is handled by the 
knowledge processing module (KPM). The KPM uses the 
explicit model of the system and learning approaches to 
derive adjustments for the system.  

3. Knowledge acquisition module 

The structure of the KAM can be derived by looking at the 
workflow for the correction of simulated robot programs. The 
workflow can be mainly described by two steps: the operator 
identifies a problem (caused by an error/incomplete of the 
system model) and the operator corrects it by adjusting the 
poses and paths of the robot program and other system 
parameters. Thus, the knowledge acquisition module (KAM) 
is responsible for collecting any kind of information related 
with the cause of the problem and the derived adjustments to 
the system. To fulfill this task, the KAM must be capable to 
collect information coming from the operator (implicit 
knowledge) and registering the adjustments applied to the 
system (explicit information). The structure of the KAM is 
shown in Fig. 2.  

 
Fig. 1. Architecture of the knowledge-based system with integration of 

expert knowledge. 
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Fig. 2. Architecture model of the knowledge acquisition module. 

3.1. Acquisition of implicit knowledge  

This submodule deals with the acquisition of implicit 
knowledge provided by the operator. Therefore, this module 
is responsible for converting implicit knowledge (i.e., the 
operator input/feedback describing a situation) into explicit 
information (machine-readable form) that can be processed by 
the KBS. In the most primitive form this can be achieved by 
the operator filling up an established protocol. To facilitate 
the information collection and to not disturb the work of the 
operator, technologies for gesture or voice recognition can be 
hereby used to acquire the necessary feedback. 

3.2. Acquisition of explicit information 

The second submodule is responsible for registering the 
adjustments applied to the robotic system. These adjustments 
are usually more accessible and can be directly associated 
with explicit information, e.g. joint angles or velocities of the 
robot, process parameters, inter alia.  

4. Knowledge modelling module  

The KMM comprises the explicit modelling of the robotic 
system. As a first step, the KMM is responsible for the 
processing of the gathered information by the KAM and for 
its integration in the KB. Additionally, the KMM provides the 
local models of the poses and paths to the KPM for their 
further interpretation. An architecture overview of the KMM 
is shown in Fig. 3. 

 
 

Fig. 3. Architecture of the knowledge modelling module. 

4.1. Knowledge integration 

The interpretation of the acquired information provided by 
the KAM is processed using rules such as description logics 
(DL) or first-order logic (FOL) commonly used for 
classification and interpretation of information. This module 
enables the acquired data to be explicitly related to the KB. 
To guarantee its integration in the KB, the rules have to 
previously established by the whole personnel involving the 
design, the development and usage of the system, e.g. robot 
and process experts as well as operators. Logic rules may not 
always suffice to interpret and classify all the gathered 
information. Thus, this module must preserve this information 
and pass it to the KPM for further processing. 

4.2. Knowledge base  

To achieve a high modular and flexible modelling of the 
robotic system our work uses a KB. The KB is designed based 
on analytical models (mathematical, probabilistic model and 
functions), relation models (DL and FOL) and data models 
(CAD, system parameters) of the single components of a 
robotic systems. The KB is modelled using the semantic web 
ontology language (OWL), as introduced by [11,12]. Fig. 4 
shows an overview of the semantic model for a robotic system 
including individual semantic models for an industrial robot, 
end-effector and workpiece.  

 
Furthermore our concept extends the modelling of the 

production process and environment in comparison with some 
of the revised works. To assure that the applied adjustments to 
the system applied by the operator can be preserved our 
proposed KB focuses on the modelling of the poses and paths 
of the robot.  
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Fig. 4. Base architecture of the knowledge base for a robotic system. 

4.3. Pose and path modelling 

The robot program, defined by poses and paths generated 
during the offline-programming, normally has to be adjusted 
by the end user during the commissioning in the online 
programming phase. A robot pose p  is normally given by the 
spatial description of the end effector (position and 
orientation) [ ]p x y z   = or by the robot joint 
angles. The path is described by dynamics parameters 
normally given by the velocity and acceleration of the end 
effector or joint angles.  

The conventional models of poses and paths do not allow 
to integrate any other related information of the system. 
Therefore, an explicit and extensive model of each pose and 
path is needed to integrate locally changes made by the end 
user. By the introduction of the state k

{0,..., 1}k n k −   with n  being the total number of 
poses, the robot program can be space discretized and each 
pose and path can be modelled individually. The 
discretization of the path is commonly used in path planning 
problems for automatically finding collision free paths [15]. 
The extension of these models for relating other information 
to the poses and paths were introduced in [16] for the 
calculation of optimal path planning using prediction models. 
Our work also proposes a state model and extends the pose 
modelling by a solution space model for each pose and path 
between two poses. The solution space for a pose kp  is given 
by a local set kP and a function pF  for calculating a valid pose 
depending on a local model of the robotic system kr . 

 
{ | ( )}k k k p kP p p F r=                                                       (1) 

 
A valid path ku  is defined between two poses 1kp −  and 

kp . Using a similar notation as for the pose, the solution 
space for a path is given by a set kU and a function uF which 
depends on the local robotic system model. 

 
{ | ( )}k k k u kU u u F r=                                                       (2) 

 
The discrete robotic system model is given by the function 

S  depending on local models of the individual components: 
robot kt , end effector ke , workpiece kw , production process 

ko  and environment kz . 
 

( , , , , )k k k k k kr S t e w o z=                                                      (3) 
 
The sets (1) and (2) can be broken into more detailed 

subsets separating the solution space model into valid and 
invalid space solution models. The valid space solution model 
is described by the function V . The counterpart, the invalid 
space solution space, is given by a function N . The complete 
local pose and path solution space models are given at the 
state k : 

 
, ,{ | ( ) ( )}k k k k p k k k p kP p p V r p N r=    ,                         (4) 

 
, ,{ | ( ) ( )}k k k u k k k u k kU u u V r u N r=    .                           (5) 

 
Furthermore, to track historical changes of the system 

model, each individual pose and path model is given a 
timestamp z : ,k zp  and ,k zu . The integration of a timestamp 
facilitates the data analysis to track the history of the solution 
space models. 

With the introduction of individual solution space models 
for every pose and path, the complete robotic system can be 
extensively locally modelled. This model allows changes, 
applied by the end user, to be explicitly related to a specific 
component of the robotic system. Fig. 5 shows an illustrative 
example for the valid and invalid solution space model for a 
robot-based measurement system. In this case the solution 
space model gives all possible poses where the robot may be 
positioned to measure a feature in the door. The negative 
space solution model shows invalid tested poses that could 
have been corrected by the end user due to an inaccurate or 
incomplete modelling of influencing factors. The modelling 
refers to components used for the calculation of poses and 
path such as: light-reflection, CAD models, robot 
singularities, sensor parameters, inter alia. 
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Fig. 5. Exemplary solution space model of the pose 0p . 

5. Knowledge processing module 

This module is responsible for the processing of the 
knowledge. The KPM is subdivided into two submodules. 
The preprocessing module is responsible for filtering the 
information that will be provided to the learning module The 
second module, the learning module trains a model based on 
the given data with the goal to reproduce the same 
adjustments made to the system by the end user to correct a 
pose or path. 

The architecture of this module is presented in Fig. 6 and 
illustrates exemplary the workflow for the correction of a 
pose kp . First of all, the historical pose models from the 
KMM (before , 1k zp −  and after ,k zp  a correction) are loaded 
into the preprocessing submodule. Furthermore, the 
processing module is responsible for supplying any further 
information , 1k zy −  that may not have been integrated in the 
KB, for example additional feedback of the user indicating if 
a correction was successful or not. This data can be provided 
by the knowledge integration submodule of the KMM. Once 
all the information is available in the preprocessing module, 
the information can be passed to the learning module. The 
data given to the learning module should not be limited to the 
use of one local model. A more general learning model can be 
trained by considering other correction models applied for 
other poses and paths. In the learning module a model 

* * *
, 1 , , 1( , , )k z k z k zl p p y− −  keeps getting trained until the learned 

correction ,
l
k zp  can be applied on the same or similar 

problems. The training of the model can be implemented 
using statistical, heuristic or analytical approaches, depending 
on the required learning task and provided pose and path 
models. 

 
 

Fig. 6. Workflow of the knowledge processing module. 

6. Conclusion 

The fully automated programming of robotic systems 
remains an unsolved problem in many industrial applications, 
where the robot programs are calculated based on models of 
the robotic system, which are incorrect or incomplete and 
cannot be updated. Thus, the continuous intervention of end 
users is still required to compensate the inaccuracy of the 
system model.  

This paper presents a concept to update the robotic system 
model with the integration of expert knowledge. Furthermore, 
the acquired knowledge is used to train a correction model 
that can be used to solve similar problems leaving out the 
intervention of the end user. To achieve this, our work 
proposes three elementary modules involving: the acquisition, 
the modelling and the processing of knowledge. The first 
module is responsible for the acquisition of implicit and 
explicit knowledge in the system. The second module deals 
with the modelling of the system. A KB is introduced to 
facilitate the integration of expert knowledge, while 
preserving a high modular and flexible model of the robotic 
system. Furthermore, a novel approach was introduced for 
modelling robot poses and paths to achieve a high modular 
and extensive local modelling of the robotic system. Finally, 
the knowledge processing module is responsible to train a 
model based on the acquired knowledge to imitate the user 
handling for adjusting the robotic system. 
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