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A concept that allows the cognitive automation of robotic assembly processes is introduced. An assembly cell comprised of two
robots was designed to verify the concept. For the purpose of validation a customer-defined part group consisting of Hubelino
bricks is assembled. One of the key aspects for this process is the verification of the assembly group. Hence a software component
was designed that utilizes the Microsoft Kinect to perceive both depth and color data in the assembly area. This information is
used to determine the current state of the assembly group and is compared to a CAD model for validation purposes. In order to
efficiently resolve erroneous situations, the results are interactively accessible to a human expert. The implications for an industrial
application are demonstrated by transferring the developed concepts to an assembly scenario for switch-cabinet systems.

1. Introduction

One of the effects of globalization in public view is the reduc-
tion of production in high-wage countries especially due to
job relocation abroad to low-wage countries, for example,
towards Eastern Europe or Asia [1-3]. Based on this, a
competition between manufacturing companies in high-
wage and low-wage countries typically occurs within two
dimensions: value-orientation and planning-orientation.
Possible disadvantages of production in low-wage countries
concerning process times, factor consumption and process
mastering are compensated by low productive factor costs.

In contrast, companies in high-wage countries try to
utilize the relatively expensive productivity factors by maxi-
mizing the output (economies of scale). Another way to com-
pensate the arising unit cost disadvantages is customization
or fast adaptation to market needs (economies of scope),
even though the escape into sophisticated niche markets does
not seem to be a promising way for the future anymore.

Within the dimension planning-orientation companies
in high-wage countries try to optimize processes with sophis-
ticated, investment-intensive planning approaches, and pro-
duction systems while value-orientation offers the benefit of

shop floor-oriented production with little planning effort.
Since processes and production systems do not exceed the
limits of an optimal operating range, additional competitive
disadvantages for high-wage countries emerge.

In order to achieve a sustainable competitive advantage
for manufacturing companies in high-wage countries with
their highly skilled workers, it is therefore not promising to
further increase the planning orientation of the manufac-
turing systems and simultaneously improve the economies
of scale. The primary goal should be to wholly resolve the
so-called polylemma of production, which is analyzed in
detail by Klocke [4]. Economies of scale and economies
of scope must be maximized at the same time, while
additionally the share of added-value activities must be
further maximized without neglecting the planning quality.
Therefore, according to the “law of diminishing returns”
a naive increase in automation will likely not lead to a
significant increase in productivity but can also have adverse
effects. According to Kinkel et al. [5], the amount of process
errors is in average significantly reduced by automation,
but the severity of potential consequences of a single error
increases disproportionately. These “Ironies of Automation”
[6] which were identified by Lisanne Bainbridge as early



as 1987 can be considered as a vicious circle [7], where
a function that was allocated to a human operator due
to poor human reliability is automated. This automation
results in higher function complexity, finally increasing the
demands on the human operator for planning, teaching, and
monitoring, and hence leading to a more error-prone system.
In order to break the cited vicious circle, one essential
step is the application of cognitive control mechanisms by
means of simulation of human cognition within the tech-
nical system. Such cognitive production cells can generally
be understood as a further development of autonomous
production cells. Admittedly, autonomous production cells
only possess limited abilities in self-optimization and self-
adaption to changing production tasks. These abilities are
the fundamental approach of cognitive production cells and
are currently one challenge in research and development
[8]. Based on these functions, the concept of cognitive
automation was introduced by Onken and Schulte in 2010
[7]. However, their original concept was strongly influenced
by the research field of unmanned vehicles. The correspond-
ing concept of the “cognitive plant” by Zaeh et al. [9]
transfers the cognitive approach onto production systems.
This concept successfully integrates cognitive mechanism
into manufacturing systems, but the superior subject of
using cognitive modules including the “human factor” as an
operator and surveillant, however, still remains unexplored.
Based on artificial cognition, technical systems shall not only
be able to (semi)autonomously perform process planning,
adapt to changing manufacturing environments or objec-
tives, and be able to learn from experience, but also to simu-
late goal-directed human behavior and therefore significantly
increase the conformity with operator expectations. Within
this focus, a highly debated issue is the software architecture
of a cognitive system. For this purpose, various architectures
were proposed as a basic framework for the simulation of
cognitive functions [10, 11]. Herein, a popular approach is
the three-layer model with a cognitive, an associative, and a
reactive layer of regulation [12, 13]. Comparative structures
can be found within the Collaborative Research Centre
614 “Self-optimizing concepts and structures in mechanical
engineering” (CRC 614) [14] as well as within the “cognitive
controller” at the Technical University of Munich [15, 16].
Further broad researches within the field of cognitive techni-
cal systems can be found in Onken and Schulte [7] and, with
special focus on the production environment, in Ding et al.
[17]. Herein, the implementation of cognitive abilities within
security systems for plant control focused. In this context,
especially the safety of human-machine interaction and
safety at work are taken into account. Additional concepts
and methods can be found within the automotive sector as
well as within space and aeronautic research [18, 19].
Within the Cluster of Excellence “Integrative Production
Technology for High-Wage Countries” at RWTH Aachen
University, a Cognitive Control Unit (CCU) and its ergono-
mic user-centered human machine interface are developed
for a robotized production unit [20-23] which partially
transfers non-value-adding planning and implementation
tasks of the skilled worker to the technical cognitive system.
The validation and interaction with the human expert
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requires a technical recognition system which is able to
measure the current state of the environment and provide
feedback upon that information. This system needs to be
integrated into the software architecture of the CCU.

2. Cognitive Control Unit and
Evaluation Scenario

Due to the fact that the CCU is a system, which needs to
be comprised of several different software components, the
design required a modular structure. It allows for an integra-
tion and enhancement through distributed software mod-
ules.

2.1. Cognitive Architecture. The software architecture of the
CCU is separated into five layers and shown in Figure 1. The
presentation layer incorporates the human machine inter-
face and an interface for editing the knowledge base. The
planning layer is the deliberative layer in which the actual de-
cision for the next action in the assembly process is made.
The services that the coordination layer provides can be
invoked by the planning layer to start action execution. The
reactive layer is responsible for a low response time reaction
of the whole system, for example, in order to efficiently res-
pond to emergency situations. The knowledge module con-
tains the necessary domain knowledge of the system in terms
of production rules.

2.2. Human Operator. In regard to the role that humans play
in standard automated production, the main task involves
managing and monitoring the manufacturing system. In the
advent of malfunction, they must be able to take over manual
control and return the system to a safe, productive state.
This concept, termed “supervisory control” by Sheridan
[24], involves five typical, separate subtasks that exist in a
cascading relationship to one another: plan, teach, monitor,
intervene, and learn.

After receiving an (assembly) order, the human opera-
tor’s first task usually involves planning the assembly process.
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To do so, he or she must first understand the functions in
the relevant machine and the physical actions involved to
be able to construct a mental model of the process. Using
this basic understanding, the operator then develops a con-
crete plan that contains all specific subtargets and tasks
necessary. “Teaching” involves translating these targets and
tasks into machine-readable format—for example, NC or
RC programs—which allow for a (partially) automated pro-
cess. The resulting automation must be monitored to en-
sure that it runs properly and generates products of the
desired quality. The expectations for the process are drawn
from the mental model the operator created at the start. In
cases where reality significantly deviates from this model or
where there are anomalies, the human operator can intervene
for example, by modifying the NC or RC program or by
manually optimizing the process parameters. Ultimately,
every intervention involves the human operator continually
adapting his/her mental model, while existing process infor-
mation, characteristic values, and trend analyses help the
operator to better understand the process and develop a more
detailed mental model.

With a cognitively automated system, the tasks change
gradually, but in a conceptually relevant way. In this system,
the human operator defines the assembly tasks based on the
status of the subproduct or end product, carries out adapta-
tions or sets priorities as needed, compiles rough process
plans, and sets initial and boundary conditions. The infor-
mation-related stress on the human operator is considerably
reduced in the areas of detailed planning and teaching, since
they are handled by the cognitive system. But shifting this
load from the human to the machine can result in the hu-
man operator forming an insufficient mental model of the
state variables and state transition functions in the assem-
bly process. In order to ensure the conformity with the oper-
ator’s expectations during the supervision of the assembly
process [25], the first step is the use of motion descriptors
to plan and execute the assembly process, since motions
are familiar to the human operator from manually per-
formed assembly tasks [26]. Therefore, the Methods-Time
Measurement (MTM) system as a library of fundamental
movements was chosen [25, 27]. Even though the sequence
of fundamental movements (e.g., reach, grasp, move, posi-
tion, release) is explainable a posteriori, the sequence of
parts positioned after another is not predictable a priori
due to a lack of elaboration knowledge [22]. Odenthal
et al. [28] and Mayer et al. [29] identified human assembly
strategies that were formulated as production rules. When
the reasoning component is enriched with these human
heuristics, a significant increase of the robot’s predictability
when assembling the products can be achieved.

Further, if an error occurs which the system cannot iden-
tify or solve, the human operator must receive all informa-
tion relevant to the situation in an easily understandable
form so that he/she can intervene correctly and enable system
recovery.

2.3. Assembly Scenario. To test and develop a CCU in a
near-reality production environment in a variety of different
assembly operations, a robotic assembly cell was set up [21].

Part
disposal

Ass-embly

Preliminary
work

FIGURE 3: Assembly and storage areas in the assembly cell.

The layout of this cell is shown in Figure 2. The scenario was
selected to address major aspects of an industrial application
(“relevance”) and at the same time to easily illustrate the
potential of a cognitive control system (“transparency”) [30].

2.3.1. General Setup of the Assembly Cell. The main function
of the demonstrator cell is the assembly of predefined
objects. Part of the cell is made up of a circulating conveyor
system comprising six individually controllable linear belt
sections. Several photoelectric sensors are arranged along the
conveyor route for detection of components. Furthermore,
two switches allow components to be diverted onto and
from the conveyor route. Two robots are provided, with
one robot travelling on a linear axis and carrying a tool (a
flexible multifinger gripper) and a color camera. Several areas
were provided alongside the conveyor for demand-driven
storage of components and as a defined location for the
assembly (see Figure 3). One area is provided for possible
preliminary work by a human operator. This is currently
separated from the working area by an optical safety barrier.
The workstation has a multimodal human-machine interface
that displays process information ergonomically, allowing it
to provide information on the system state as well as help
for solving problems, if necessary. To simultaneously achieve



a high level of transparency, variability, and scalability in an
(approximate) abstraction of an industrial assembly process,
building an assembly of Hubelino bricks was selected as the
assembly task. These are in size and shape very similar to
LEGO Duplo bricks. To take into account the criterion of
flexibility for changing boundary conditions, the bricks are
delivered at random. In terms of automation components,
the system consists of two robot controllers, a motion con-
troller, and a higher-ranking sequencer.

The initial state provides for a random delivery of re-
quired and nonrequired components on a pallet. A FESTO
handling system successively places the components onto the
conveyor. The automatic-control task now consists of coor-
dinating and executing the material flow, using all the techni-
cal components in a way such that only the assembled pro-
duct is in the assembly area at the end.

2.3.2. Actions and Sequences. The assembly scenario is as
follows. An engineer has designed a mechanical assembly
of medium complexity by composing it, for example, with
a CAD system containing any number of subcomponents.
The human operator assigns the desired assembly goal to the
cognitive system via the presentation layer (see Figure 1). The
desired goal is transferred to the planning layer where the
SOAR-based reasoning component derives the next action
based on the actual environmental state (current state on the
conveyor, the assembly area, and the buffer) and the desired
goal. The environmental state is based on the measured
vector from the sensors in the technical application sys-
tem (TAS). In the coordination layer the raw sensor data is
aggregated to an environmental state. The next best action
derived in the planning layer is sent back to the coordina-
tion layer, where the abstract description of that action is
translated into a sequence of actor commands which are sent
to the TAS. There, the sequence of commands is executed
and the changed environmental state is measured again by
the sensors.

2.3.3. Motivation for Assembly Group Analysis. The last step,
an image-based recognition process of the assembly object’s
state in the assembly area, is focused on this contribution
and is described in detail later on. If the current state differs
from the target state, the human operator is informed so that
he/she can detect and correct occurred errors.

Generally four types of errors are possible, when posi-
tioning a brick in the assembly group:

(1) It might occur during assembly that a brick is not
placed in the assembly group at all. This is the case,
for example, when the gripper loses the brick during
the transportation from conveyor to assembly area.

(2) A generated assembly sequence might not be correct
and a brick is placed at a false location. In practice,
this error has never occurred, but its existence needs
to be considered.

(3) The brick is placed at the correct position, but not
fitted properly. This error case refers to possible
tolerances for both the brick and the position of the
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robot. For example, in situations where a brick has to
be positioned between two other bricks, the accuracy
of the robot’s position might not be sufficient. For
the most part this leads to a part lying on top of
the assembly board rather than being assembled onto
that board.

(4) At last it is also possible that a brick has correctly
been placed and fitted at the right location—but it
was the wrong brick, for example, a blue brick instead
of a green one. These errors are mostly related to the
image processing system, which detects the moving
part on the conveyor, failing at high conveyor speeds.

It can be stated that in practice most of the errors that
occur during the course of the assembly are related to the
failure of some sort of component. In order to efficiently
interact with a human expert, the type of error needs to be
identified. Since error type 1 should be reflected in the data
as a whole set of missing data points and for error type 3
only as a small shift at a specific location, it becomes apparent
that the reliability of this classification varies for the different
error types.

The human operator must be supported with more in-
formation in case of an assembly error during the operation,
for example, if the image-based control of the assembly
step leads to a deviation between the current and the target
state. Under this assumption, a first prototype of a support-
ing system was developed dealing with the task of error
identification in an assembly object (incorrect construction
of the assembly object). More precisely in this case, a pro-
totype of an augmented vision system (AVS) was developed
and implemented with the focus on the presentation of the
assembly information. The aim of using this system was to
place the human operator or skilled worker, respectively,
in a position to detect the construction errors in a fast
and adequate way. Therefore, a laboratory test was carried
out in order to investigate different display types and dif-
ferent modes of visualizable assembly information from an
ergonomic point of view [23, 31, 32]. Within a second step,
the AVS was extended to assist the human operator in the
disassembly of the erroneous object in order to correct the
detected error in cooperation with the robot [33].

While a detailed overview of the cognitive control can be
found in Kempf [30], there was still the need for an auto-
mated verification of the assembly group. In the following,
the technical recognition of an assembly group within the as-
sembly area of the cognitively automated assembly cell is de-
scribed in detail.

3. Recognition Process

In this scenario, individual assembly groups are established
which consist of an arbitrary combination of different basic
elements. For demonstration, the actual assembly groups
consist of Hubelino parts which differ in color (yellow, or-
ange, red, light green, dark green, and blue) and length. The
length of each part varies from 32 mm to 192 mm in steps of
32 mm. Each element has a width of 32 mm and a height of
16 mm.
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FIGURE 4: General design of the recognition process.

Since the Hubelino parts are plugged onto the baseplate,
respectively, onto each other, their positions are defined by
the round shapes on top of each Hubelino part (see Figure 4).
Each Hubelino part is laminated with a glossy surface that
has a high light-reflecting coefficient.

3.1. Technical Recognition Systems. Within the recognition
process, the assembly has to be checked if it is constructed
correctly. Therefore, the assembly group is analyzed from
four different viewpoints using a contactless 3D measure-
ment system. Figure 4 shows the general design of the sce-
nario. The dashed cuboid defines the maximum space of as-
sembly.

At each position the Hubelino brick, that is present in the
real assembly group, potentially differs in color as well as in
size from the corresponding part defined in the virtual mo-
del. Thus information about these two properties needs to be
measured for all of the possible assembly positions.

3.1.1. Contactless Measurement Methods. In the past few
years, contactless 3D measurement systems have become an
important tool for quality control. The two most used con-
tactless measurement methods [34] are (i) triangulating the
image data with several color images, (ii) time-of-flight
method.

Within the first method, a scene is inspected from
several viewpoints and identical “landmarks” inside each
color images are identified (e.g., edges or corners). The pixel
position of those landmarks combined with the camera’s
intrinsic calibration (relation between a pixel position and
the directions relative to the camera center) yields in the
vectors pointing from the camera center to the direction
of each landmark. Determining this vector in at least two
camera images and considering the relative position between
these cameras, the special position of this landmark can be
triangulated (compare Figure 5(a)). For this measurement
method, at least two RGB cameras are necessary as well as
an accurate spatial transformation T;; between the cameras.
The disadvantages of this technology are the huge computing

(a) Triangulating color images

Hl’
Light beam
Sensor generator
(b) Time-of-flight method

FiGgure 5: Principle of both contactless 3D measurement tech-
niques.

power necessary to calculate several high-resolution color
images as well as finding concurrent and unique landmarks
in each image. Consequently, this measurement method
fails in image regions with a structured surface. Details
concerning this technology are described in [34].

The second widespread contactless measurement meth-
od is the time-of-flight technique (see Figure 5(b)). Here,
the time that a frequency-modulated beam of light needs to
reach an object and to get back to the sensor is measured in-
directly by comparing the phase of the emitted light with the
phase of the received signal. For that reason, this method
requires a device emitting the light beam as well as a light
sensitive sensor detecting the reflected light beam. Accord-
ingly, this method depends on the light-reflecting coefficient
of the measured surface. Hence, objects with a low reflectivity
coefficient (i.e., windows) are not detected as well as ob-
jects with a very high reflectivity coefficient (i.e., bright
surfaces).

Widely used types of application for this technology are
2D laserscanners. Within 2D-laserscanners, a single light
beam is diverted by a mirror. Concerning the angular posi-
tion of the mirror and the time of flight of the single light
beam, the depth values of a line can be measured. By pann-
ing the 2D-laserscanner, a complete 3D depth image of
the environment can be computed. Recently, time of flight
sensors are available measuring the depth values not only of
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TABLE 1: Sensor requirements.

Requested attribute for assembly group
analysis

Available for the 3D time-of-flight method

Available for triangulating color images

Depth image and color image available
High accuracy of the depth image

Depth image independent of the surface

Only depth information available
About 1 cm

Depends on light-reflecting coefficient

Both supported

Depends on resolution and calibration
accuracy; recently ca. 1 mm

Fails in region with structured surfaces

Mapping between color and depth image Not available Available for each camera
High resolution of the depth image Up to 320 x 240 Pixels Equals the number of identified landmarks
Dependency on ambient light Independent Fails if scene is under/overexposed

a single point or line, but also of a complete matrix. Hereby;,
a 3D depth image is measured directly without requiring
mechanical parts for panning the sensor [35, 36].

Concerning the recognition process, both described mea-
surement methods have disadvantages. For the recognition
both the color and the exact spatial dimensions of the as-
sembly are considered. Therefore a color image as well as an
accurate 3D depth image and the mapping between the two
are required. In Table 1, the requirements for analyzing an as-
sembly are faced with the characteristics of both contactless
measurement methods.

According to Table 1 the main disadvantages of the 3D
time-of-flight method are that it does not meet the require-
ments in terms of accuracy for depth data and that it does not
provide a color image. However, compared to the triangula-
tion method, it provides a higher measurement frequency
and is independent of ambient light.

Still, both measurement methods are not completely in-
dependent of the surface of the measured objects. On the
one hand, the triangulation method cannot detect the depth
values of structured surfaces, while on the other hand the
time-of-flight method relies on the reflectivity of the surface.

However, the actual measurement task requires the detec-
tion of the color and the exact spatial dimensions of small de-
vices with a completely structured and glossy surface. Hence
a combination of both measurement methods is required.

3.1.2. The Kinect as a Recognition Device. Within the field
of 3D measuring, the Kinect sensor, developed by Microsoft
and PrimeSense, was presented to the public. Initially devel-
oped for game consoles, this device combines a 3D depth
sensor with a resolution of 640x480 pixels and a standard
color camera with a resolution up to 1280x1024 pixels.
Additionally, a microphone array, a position sensor which
measures the vector of gravitation, and an electrical motor
for tilting the unit are integrated. Table 2 gives a short over-
view of the relevant specifications [37]. Combining the mea-
sured data of those devices, the Kinect sensor provides mult-
iple innovative opportunities for research and development
within the field of environment recognition as well as in the
field of man-machine interaction [38].

The Kinect’s 3D depth sensor combines aspects of
both contactless 3D measurement methods described above,
whereby the scene is continuously illuminated with infrared
structured light [39]. Structured light measures a 3D scene

TABLE 2: Specifications of the Kinect.

Device Specifications
Color sensor 32 bit RGB 1280 x 1024 at 15 fps
Depth sensor 16 bit Depth 640 x 480 at 30 fps

Depth sensor range 650 mm-3500 mm

Spatial Resolution x/y resolution: 2 mm, z resolution:

(at 2 m distance) 1cm

Field of view Horizontal 57 degree, vertical 43
degree

Tilt range 27 degree

Microphones 2 microphones, each 16 bit audio at

16 kHz

Ky

K

F1GURE 6: Coordinate system defined by OpenNI.

by projecting a known pattern of light onto the environment
and recording it with a standard camera. The way this pattern
deforms when striking surfaces allows calculating the depth
information of the objects in the environment. Song [40]
provides a detailed description of the computations. The
Kinect projects a matrix of single IR dots onto the scene and
provides a depth image with an accuracy of 1 cm at 2 m dis-
tance.

In order to accomplish the assembly group analysis,
only depth and color information of the Kinect are merged.
Communication and data exchange with the Kinect sensor
are realized with the official driver from PrimeSense and its
modifications for OpenNI. OpenNI uses a right-hand coor-
dinate system for processing the depth data (see Figure 6).

As the Kinect depth sensor illuminates the room with
an “IR Light Coding” and evaluates the reflected image,
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the efficiency depends on the reflectivity coefficient of
the measured surface. Additionally, the correct operation of
the Kinect depth sensor relies on the incidence angle between
the emitted light beam and the measured object. If the inci-
dence angle is undersized, the light beam cannot be reflected
back to the sensor with a sufficient intensity to be detected.
The other way round, an incidence angle, which is nearly
90 degrees on an object with a high reflectivity coefficient,
reflects the light beam with a very high intensity. This com-
bination results in a cross-talk between adjacent pixels,
whereby a blind spot within the Kinect’s depth data occurs.
As the blind spot occurs only under the described conditions,
these need to be taken into consideration when the Kinect is
used for analyzing an object. However, since the Kinect al-
lows for a seamless integration of both depth and color data,
it presents an appropriate device for the analysis of an as-
sembly group.

3.2. Assembly Group Analysis (AGA). In order to create a per-
ceived model, the assembly group is observed from multiple
perspectives. For the generation of this model two ap-
proaches will be presented. In the first approach only general
assumptions regarding the structure of a Hubelino model
will be used. This approach is able to create a perceived mo-
del for any Hubelino model without previous knowledge
about the bricks that should have been assembled, but is only
valid in Hubelino scenarios where the general assumptions
can be applied. A second approach takes advantage of the
given customer-defined CAD data to derive recognizable pat-
terns. On the one hand this approach is not able to construct
a perceived model, if no CAD data is present. On the other
hand it eliminates the general assumptions and thus is ap-
plicable not only in Hubelino scenarios, but also in any sce-
nario, provided the condition that CAD data exists. Both ap-
proaches include the perception of both depth and color data
and perform error detection. The superior goal of verifying
a real assembly group of Hubelino bricks is achieved by
comparing the perceived model with the virtual model from
the customer-defined CAD file. The AGA is implemented as

a separate software component within the framework of the
Cognitive Control Unit.

3.2.1. Software Structure of the AGA. In order to communi-
cate with multiple components without having to implement
a new interface for every new component, an abstract inter-
face was used, which is able to transparently connect multiple
devices. This abstract interface uses the CORBA Middleware
and thus provides a real-time connection between devices
and the CCU. This leads to an architecture, where the
commands that the CCU issues are translated into CORBA
calls that are directed to a specific device, in this case the AGA
component. Hence the AGA component needs to provide
interfaces to the CCU, which allow for a comprehensive
communication. Since Matlab is a common tool for data
visualization and the computation of complex algorithms,
it was used to perform the computationally intensive tasks.
A complete overview of the resulting architecture and their
connections is provided in Figure 7.

In order to be able to verify the correct composition of an
assembly group, the AGA component needs to know what
the correct model looks like. Thus the CCU needs to sub-
mit a CAD file of the assembly group’s expected state to
the analysis component. This communication takes place for
every verification, since it is possible for a model to change
over time. The CAD model is given as an LDRAW file, which
is an appropriate file format for the assembly of Hubelino
parts [41]. After the analysis is completed, the AGA pro-
vides feedback to the presentation layer of the cognitive con-
trol framework (see Figure 1). This feedback contains the de-
tected parts within the assembly group as well as possible
errors. This allows for the CCU to present the results in the
presentation layer, hence enabling a human operator to take
action based on the received results.

In order to calculate a 3D model with a single sensor, the
sensor needs to change its position relative to the object to ex-
amine all sides. Consequently, the Kinect sensor is attached to
the flange of the KUKA KR 16 which can explore the assem-
bly from an arbitrary position. Once the CCU requests a new
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analysis, the AGA component creates a connection to the
Kinect as well as to the KUKA KR16 via CORBA. Within the
analysis process, the assembly is examined from four differ-
ent positions (compare Figure 4). Each viewpoint is aligned
perpendicular to the particular side of the assembly with the
intention of avoiding perspective masking of single Hubelino
parts. For each viewpoint, the assembly group is analyzed
and a discrete model for each side is calculated. Afterwards,
these four discrete models are combined into one com-
plete model of the assembly group.

3.2.2. Data Acquisition. The following description of the
recognition process is based on the assembly group as shown
in Figure 8. For demonstration purposes, side 1 is examined.

Figure 8(a) displays the exemplarily used assembly from
two different points of view. Figure 8(b) represents the same
assembly but presented from the viewpoint of the Kinect sen-
sor. Concerning the Kinect’s viewpoint, the Hubelino parts
constitute planes parallel to the Kinect’s x-y-layer. Those
planes are marked by different striped patterns.

For the data acquisition, the positioning of the view-
points is essential, thus the sensor characteristic needs to be
taken into account. As described above, the Kinect sensor
fails if the emitted light beam is reflected perpendicularly by
an object with a high reflectivity coefficient. Within the given
task, all objects to be recognized have a high reflectivity coef-
ficient. Therefore, each viewpoint needs to fulfill the follow-
ing conditions:

(1) The distance to the measured object has to be greater
than 650 mm.

(2) The light beams should not be reflected perpendicu-
larly.

(3) The particular side of the assembly group needs to be
examined perpendicularly to avoid perspective mask-
ing of single Hubelino bricks.

Consequently, each viewpoint is at least 700 mm away
from the assembly group and the assembly group itself
is about 200 mm beneath the center of the depth image.
Figure 4 shows their position and chronology. This choice of
viewpoints has another important effect: in those viewpoints,
the baseplate does not reflect the emitted light beams, ac-
cording to the undersized angle of incidence. Hence the

baseplate will not be recognized by the Kinect, whereby the
effort of interpreting the measured depth values is reduced.

After defining the viewpoints, the depth values need to be
acquired. Thus, the maximum dimensions of the assembly
group are limited by a virtual cube and only depth values
within this cube are used for identifying the assembly (see
Figure 4 dashed cuboid).

3.2.3. Prefiltering. Before starting to fit Hubelino parts, the
depth data needs to be filtered. The first step is to identify the
assembly group within the scatter plot. Within the defined
cube, some parts of the baseplate or some object not be-
longing to the assembly, respectively, may be perceived by
the Kinect sensor. Those objects disturb the recognition of
the assembly group and need to be filtered.

Therefore, the data points are classified by their distance
to each other. If the distance between two points is larger than
a specified value, both points get a different classification.
Otherwise they will be sorted into the same class. The dis-
tance for separating different scatter plots is 100 mm.

After passing this filter step, the data points are separated
into their particular scatter plots. Based on the notion that
the assembly group is the largest object within the defined
cube, only the class with the most members is used for fitt-
ing the Hubelino parts. The result is shown in Figure 9.
From the incoming measurement data (Figure 9(a)) only the
red marked points are used for fitting the Hubelino parts
(Figure 9(b)).

As described, the Hubelino parts can only be positioned
in discrete places and the viewpoint of the sensor is perpen-
dicular to each side of the assembly group. Hence the meas-
ured depth values are positioned on planes parallel to the
sensors x-y-plane (compare Figures 8(b) and 9(b)). Since
all sensors are disturbed by noise, the depth values are not
measured exactly and the planes of the assembly group need
to be reconstructed.

3.2.4. Identifying Planes. For this task the RANSAC algori-
thm is used and optimized for finding planes. The RANSAC
algorithm is an iterative method to estimate parameters of
a mathematical model from a set of sensor data [42, 43].
Within the scope of reconstructing planes out of disturbed
depth data, the mathematical model of a plane is described
by three 3D points.
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FIGURE 9: Prefiltering measured data.

The algorithm finds the plane as follows:

(1) Define a plane by randomly taking three points from
the depth data.

(2) If this plane is parallel to the sensor’s x-y-plane then
continue, otherwise choose different points.

(3) Calculate the distance between each 3D point within
the depth data and the randomly generated plane.

(4) Determine the score S of the plane as follows:

distance

S = > p(distance) with p =
i=0 0,

(5) Repeat steps 1 to 4 for a predefined number of
iterations.

(6) The plane with the highest score is the best estimation
of a plane within the depth data. If the highest plane
score is beneath 80% of the theoretical minimum
plane score, no plane is found.

The value assigned to the maximum distance results
from the discrete positions of the Hubelino parts. As those
positions are defined by the round shapes on top of each part,
it is obvious that the minimum distance between two planes
within the depth image is 16 mm (compare Figure 8). In
order to allocate each depth value to a plane, the maximum
distance between a measured point and the corresponding
plane is 8 mm.

The decision, if a found plane is valid, depends on the
minimum theoretical plane score. This parameter is equal to
the theoretical number of measurements on the surface of
the smallest possible plane (see Figure 10).

The theoretical number of depth data within a certain
area yields from the sensor characteristics. As the Kinect
depth sensor has a resolution of 640 X 480 pixels and the lens

, if distance < maximum distance,

 maximum distance (1)

if distance > maximum distance.

Smallest
/ element
/

FiGURE 10: Definition of the smallest element.

has an opening angle of 57 degree horizontally, 43 degree ver-
tically, respectively, the spatial resolution decreases with in-
creasing distance. This interrelationship is given in Figure 11.

As Figure 11 shows, the theoretical minimum plane score
depends on the distance of the plane and thus needs to be
determined individually for each plane. Considering the fact
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that the Kinect sensor is disturbed by noise, the found plane
is valid, if its score is at least 80% of the theoretical score.

As the assembly group generally consists of more than
one plane, the RANSAC algorithm has to be executed several
times. Therefore the depth values belonging to the already
found planes are deleted, and within the remaining depth
data another plane is searched. This procedure is repeated
until no further plane can be found. The result is shown in
Figure 12.

3.2.5. Fitting of Virtual Hubelino Bricks. After finding the
planes within the depth data, the single Hubelino parts can
be fitted. Since the Hubelino parts can only be placed at dis-
crete positions they can occlude each other. Therefore, the
smallest visible element is half of one side of a 32 mm X
32 mm Hubelino brick (see Figure 10). Hence, only rectan-
gles with a height of 32 mm and a width of 16 mm are posi-
tioned.

The fitting process itself is based on the assumption
that size and shape of the found planes can only consist
of multiples of the smallest elements (compare Figure 13).
Hence for each plane the surrounding rectangle is calculated
(light blue line). Regarding the sensor disturbance, the
dimensions of this rectangle are not necessarily a multiple of
the smallest element. Consequently, the size of the rectangle
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is approximated towards the nearest multiple of the smallest
element’s size (black dashed line). Afterwards, the resulting
rectangle is filled with smaller rectangles that have the shape
of the smallest elements (red and yellow cuboids). This
procedure is repeated for each found plane.

Since not all of those fitted elements really exist, the next
step is to decide whether an element belongs to the assem-
bly group or not. This decision is based on the quotient
of the actual number of measured 3D depth points on the
element and the theoretical maximum number of data points
on the element. This maximum is given by Figure 11. Since
the edge line of the found planes is irregular, the quotient
is generally not equal to one. Thus a threshold of 90% is
defined. Concerning this threshold, the decision whether a
fitted element belongs to the assembly group can be evalu-
ated by the following steps:

(1) Determine the number of measured depth data
within the element.

(2) Based on the distance of the element calculate how
many data points should be on the element.

(3) Ifthe result of step 1 is at least 90% of the result of step
2, then the element belongs to the assembly group.

This procedure is repeated for each element on each
found plane and results in a model for the examined side.
Within Figure 13, the red marked cuboids do not belong to
the assembly group.

3.2.6. Error Correction for a Single Side. After the Hubelino
parts are positioned according to the established planes, the
resulting model is checked for errors. This step proved to be
necessary, after several initial evaluation tests failed due to
frayed shapes of the identified planes (compare Figure 13).
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F1GURE 14: Correction of side 1.

Within the correction process, the found model has to
meet the following requirements:

(1) A single smallest element can only appear if the rest
of the Hubelino part is masked (compare Figure 10).

(2) Each line of the model must consist of an even
number of smallest elements.

(3) All found elements have to be placed at a discrete
position.

In order to check these conditions, first the coordinate
system is changed. Since the presented calculations contain
the measured data, they are based on the coordinate system
defined by OpenNI. This measured data is represented by the
fitted elements which are placed in discrete positions. Hence,
the unit of the new coordinate system is given in dimension
units (d.u.). Thereby, the size of two dimension units equals
the width of the smallest element. The new coordinate system
is placed on the lower left element of the scanned side
(see Figure 14). Within this coordinate system the values of
the x- and y-axis are positive and those for the z-axis are
negative. In Matlab the Hubelino model is contained in an
array according to discrete positions of smallest element’s
multiples (see Figure 10).

The error correction process is illustrated in Figure 14.
First, the found element are grouped (numbers on the
elements in Figure 14) based on their position within the
model. Therefore, all elements within the same coordinates
in y and z are grouped together. For each group with a
noneven number of members (red marked element) the
fitting of the element inside the plane is rechecked. Within
this check, the unused elements of a plane are analyzed. Of
special interest are the elements at the left and right of the
defective group, respectively. Those elements meet only one
conditions listed in Table 3 and result in the corresponding
error correction.

Each increase as well as decrease refers to the width of an
element. For each correction process only the dimension of
the surrounding rectangle changes. The position of its center
remains the same. The advantage of this error correction
process is that it can be calculated straightforward without
iteratively searching the best solution.

TABLE 3: Possible errors and corresponding corrections.

Error Correction

Increase the width of the
surrounding rectangle
Decrease the width of the
surrounding rectangle
Decrease the width of the
surrounding rectangle

Both elements were not chosen

Both elements were chosen

One element was chosen

Figure 15 demonstrates this error correction process for
the defectively fitted group presented in Figure 14(a). For this
figure it is obvious that the error correction finds a better
mapping between the surrounding rectangle (light blue line)
and the measured data.

Since the calculated model is based on disturbed sensor
data, it is generally not the exact model of the actual assembly
group. Hence, the last step is to reconstruct the complete 3D
model of the assembly group and to check if all four sides
match.

3.2.7. Reconstruction of the Complete Model. In order to
reconstruct the complete model of the assembly group out of
the models for each side, first the transformations between
adjacent sides have to be calculated. Considering the anti-
clockwise chronology of the scan positions (see Figure 4), the
values of the right-hand rotation matrix to rotate side B into
the coordinate system of side A are given as follows:

(i) Rotation around the x-axis: 0°.
(ii) Rotation around the y-axis: 90°.
(iii) Rotation around the z-axis: 0°.

The translation vector between both sides is calculated as
follows:

(a) Starting from the assumption that model A is
correct, calculate those parts within model A that are
expected to be part of side B.

(b) Within side B, calculate those elements, which side A
would expect to be part of side B.
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FIGURE 17: Reconstructed assembly group.
(c) Rotate side B into the coordinate system of side A. Those transformations are calculated between all adja-

cent sides. If none of the sides contains errors, the 3D model
of the complete assembly group can be calculated. The 3D
model of the analyzed assembly group is shown in Figure 17.

(d) Find the translation vector mapping most elements
of step 1 to those of step 2.

If not all elements of step (b) are mapped to those
of step (a), at least one of the involved sides contains 3.2.8. Color Detection. In order to recreate an exact virtual
errors. Figure 16 shows this procedure for side 1 and 2 model of the assembly group, information about the color of
(compare Figure 8). The calculated elements of steps (a) and  the detected parts needs to be acquired. In case of a scenario,
(b) are marked in yellow and red, respectively. Afterwards that involves a color camera as the sole source of information,
those elements are mapped onto each other by the found  usually very complex algorithms have to be applied in order
transformation (green elements). to efficiently detect regions of certain colors. In the given
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TaBLE 4: RGB values for the main colors used in the scenario.

R G B

Red 196 40 27
Green 40 127 70
Blue 13 105 171
Yellow 245 205 47

case, however, this task is extremely simplified, since it is
already known which pixels belong to a certain part. This
information can be used to identify the color for a detected
part. As an example, it can be assumed that an identified pixel
region x,, - - - x, contains j pixels for one side of a detected
part. For the assumption that all of those pixels belong to the
same part and should thus roughly contain the same color
information, the basic approach of calculating the mean RGB
value should suffice. Thus the resulting RGB value for the
detected part can easily be calculated as:

cd.R

r .R
= 721‘"'{ Xk cd.G

_ Zzzmxk.G

! (2)
_ zzzm xk.B.

J

cd.B

Since the RGB values for most Hubelino parts are
publicly available, see for example, [44], these can be used
to identify the corresponding part color. The RGB values for
the parts used in this example are presented in Table 4.

Given the fact that the different colors are saved in an
array z, the resulting part color can be calculated:

I(zi.R — cd.R)|| + |(z;.G — cd.G) ||

. (3)
+||(z;.B — ¢d.B)|| = min.

However, since only four different part colors are pos-
sible, the significant distance between the different RGB
values partly contributes to the efficiency of this approach.
Since the RGB values are determined by the manufactured
parts and thus do not relate to the specific conditions (i.e.,
lighting, reflection), even better results can be achieved if
these factors are taken into consideration. Hence, sample
values for the different colors have to be recorded manually.
Since lighting is a significant factor, the best results can be
achieved by recording different color values for each of the
four viewpoints.

In order to achieve even better results, the calculation of
the RGB values for a detected part can be improved. In the
previous approach, all of the points that were considered as
belonging to a specific part were used for the determination
of that part’s color. Inasmuch as all of those color values are
roughly the same, this approach is sufficient. However, the
approach can be improved if the mean RGB value for a part is
calculated using only the ten most central points for a specific
brick. On the one hand this approach eliminates the problem
that the part’s color tends to change at the part’s border. On
the other hand this might lead to false detections in case that
local reflection takes place near a part’s center.
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(b) Final mapping

FIGURE 18: Mapped sensor data.

Given the situation that a limited solution space of colors
is present, the problem of reflection can be reduced by
comparing each of a part’s pixels with the possible colors. A
color is assigned to a pixel if

I(zi.R — cd.R)||+1/(2;.G — cd.G) || +|(z;.B — ¢d.B)|| =min N

(zi.R = cd.R)|| + |(2.G — ¢d.G)|| + ||(zi.B — cd.B)|| < é.
(4)

Thus it is possible to dynamically apply different § for
different scenarios and lighting conditions. Subsequently, the
color for a part is computed by averaging over the pixels that
were assigned a specific color. This computation reduces the
problem of reflection, since colors that are out of range do
not contribute to the resulting part color.

As shown in Figure 18(a) another problem, that needed
to be resolved, is based on the fact that there is a partial dis-
placement between the color information and the depth inf-
ormation. Since the color detection algorithms rely on the as-
sumption that for each pixel in the depth information the
image data corresponds to that exact same spot in the real
world, this displacement leads to miscalculations of a part’s
color. As the Kinect is attached to the flange of a robot,



14

660
620

Z (mm)

40
X (mm)

Smoothed shapes of the
measured planes

80

Journal of Robotics

Approximate balance
point of a plane

%

T

Exemplary detected
shapes in the CAD model

FIGURE 19: Model-based approach.

however, the information about the current position of
the robot’s tool center point (TCP) can be utilized for the
exact determination of a viewpoint’s displacement within the
assembly area. The resulting image containing the mapping
of both depth and color data is shown in Figure 18(b).

3.3. Generalized, Model-Based Approach. As a modification
to the presented approach, the elimination of assumptions
for the matching process offers to broaden the range of de-
tected parts without additional engineering efforts. Due to
the fact that the model needs to be verified, it is apparent that
there is already a CAD model present for the desired assem-
bly group. The superior goal is to use this model in order to
match CAD and Kinect data without the need for additional
assumptions regarding the presence of an object. This task
is often achieved by photogrammetry methods [45, 46], but
normally relies on different conditions regarding time and
accuracy [47-49].

As a first step to realize this approach, the CAD model
has to be analyzed in regard to different layers that can be
perceived from different viewpoints. The result of this step is
a “virtual model” of the assembly group that should be built.
The model that is recorded with the Kinect forms the “per-
ceived model”. For this generalized approach it can be stated,
that the point of view from which an assembly group is
looked at in the virtual and the perceived perspective have to
match to achieve the best results. But since it is always pos-
sible to correct the perspective for both the virtual and per-
ceived model, there is no need for an exact calibration be-
tween these two perspectives. The only requirement is that
the basic “sides,” from which an assembly group is looked at,
match. As previously stated, the four viewpoints correspond
to the four sides of the rectangle that defines the maximum
assembly space (see Figure 4). Thus for each of those sides
the visible layers need to be extracted from the virtual model.
The fact that the sides are either parallel to the x-y-layer
or the y-z-layer of the modeling environment simplifies

this task, inasmuch as that for the different viewpoints the
polygons with the minimum or maximum x or z value, res-
pectively, form the foremost layer for each height, which is
given in the y-coordinate. As an example for viewpoint 1
the maximum x values for a given height y define the visible
planes. The polygons themselves are extracted from the un-
derlying CAD model. All of the different polygons that are
adjacent to each other comprise a region. In order to utilize
these regions for further processing, their shape and balance
point are determined.

Once the different layers have been identified in the vir-
tual model, the same steps as in the approach mentioned
above—from recording the sensor data to the RANSAC al-
gorithm—are performed. Hence the results of these steps are
the identified regions for the perceived data. For these regions
the different shapes and balance points are extracted from
those results. The shape herein is defined by the outmost
data points for a specific region. Figure 19 shows this process.
The process is illustrated exemplarily for two out of four
planes within the assembly. In the left of Figure 19 the planes,
found by the RANSAC algorithm within the measured data,
are presented. For both planes their smoothed shapes and
balance points are shown. The right side illustrates both
planes within the underlying virtual model as well as their
ideal shapes and ideal balance points.

As a last step, this information about shapes and balance
points is used to match the regions of the virtual and the
perceived model. This is realized by first comparing the num-
ber of balance points for the virtual and perceived model. If
there is a difference between those numbers then it becomes
apparent that there is an error. After that the Gauss algorithm
(cp. [50]) is applied to match the balance points of the
different models. The algorithm completes when either the
distance between the balance points is small enough or the
Gauss algorithm exceeds a certain number of iterations. Next
the balance points of the two models can be mapped by
taking the smallest difference between two points as the main
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criteria. If the numbers of balance points were different, only
points that have a minimum distance are considered. In the
following the regions that belong to a balance point in the
perceived model are projected onto the region of the corres-
ponding balance point in the virtual model. By calculating
the overlapping areas it is possible to determine if the two
models match or if it is more likely that there is a difference
between them.

4. Industrial Application

In order to apply the achieved results in an industrial applica-
tion, the concepts already tested with the demonstrator cell
were simulated, in collaboration with automation technol-
ogy manufacturer Phoenix Contact, on a scenario for the as-
sembly of switch cabinets. This approach addresses the cus-
tomer-driven switch cabinet assembly system, which Phoenix
Contact operates in addition to the final assembly line in its
mass-production-style manufacturing system. The assembly
of switch cabinets consists of components (control units, ter-
minals, etc.) in configurations predefined by the customer
that are mounted onto top-hat sections and passed on as
completed modules to switch-cabinet production (module
assembly). Additionally some of these components need to
be equipped with specific clip combinations. Figure 20 shows
an example of this system.

A model of each customer-specific and mass-produc-
tion-style switch cabinet is available in a CAD format. Cur-
rently this data is used to derive assembly instructions which
are printed out and handed to a human worker. Finally the
manually assembled switch cabinet is analyzed by an im-
age recognition system and the results are compared to the
mounting requirements.

Since the target assembly is available electronically, it is
feasible to cognitively automate the process, hence achieving
economic advantages. The main challenges involved are as
follows:

(i) Construction of a continuous flow of information
from the CAD system to the manufacturing system.
(ii) Robust system components and joining processes.

(iii) Logistical concepts and components for efficient sto-
ck placement during the assembly process.

(iv) Automated verification of the final assembly and
man-machine interaction in case of errors.
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FIGURE 21: Mapped depth and color data for the switch-cabinet
scenario (one viewpoint).

The switch-cabinet scenario bears strong similarities to
the demonstrator-cell scenario, that is, in regard to the cus-
tomer-defined CAD models and requirements regarding an
automated verification of the final assembly.

Hence, in order to verify the capabilities of the Assembly
Group Analysis, the perception and verification process using
the Kinect was simulated for a given scenario. Mapped depth
and color data for the final assembly indicating the different
parts that it consists of is given in Figure 21.

For the verification process, three different cases are
taken into consideration. In the first case, the assembly was
built correctly. In the second case, one of the larger feed-
through modular terminal blocks UKH 95 has not been plac-
ed onto the mounting rail. In the third case only one of the
smaller pick-off terminal blocks AGK 10/UKH has not been
connected to the UKH 150. Figure 22 presents the result-
ing Kinect data for the different cases. For the first erroneous
case the missing UKH 95 results in a smaller region of the
matching depth data. In comparison with the Hubelino sce-
nario, this might be the case, if two adjacent bricks that have
the same color are present in the desired CAD model, but
only one of them has been placed in the real scenario. For the
second error case the AGK 10/UKH defines its own region,
since it is not directly connected to any other component. A
comparable Hubelino scenario would be that a single brick,
that is, one that does not comprise a layer with any other
brick, has not been placed into the assembly group.

Through transferring the described approaches in cogni-
tion as well as in 3D Assembly Group Analysis onto this sce-
nario, an autonomous assembly process can be established.
Particularly, within the focus of customer-defined switch-
cabinet assemblies, a cognitive production cell is useful as it
easily adapts the production process on changing assemblies.
Additionally, an automated analysis process relieves the hu-
man worker and is less error-prone.

5. Conclusion

In order to resolve the problem that the commissioning and
programming of complex robotized assembly takes consid-
erable planning efforts which do not directly contribute to
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FIGURE 22: Resulting depth data for switch-cabinet scenario.

the added value, the overall approach was to shift planning
tasks to the level of execution. Hence, within the Cluster
of Excellence “Integrative Production Technology for High-
Wage Countries” at RWTH Aachen University, a Cognitive
Control Unit had been created, which is able to plan and
execute action flows autonomously for a given goal state.
The combination with an ergonomic user-centered human
machine interface allows for an interaction with a human
expert in order to partially transfer planning and implemen-
tation tasks to the technical cognitive system as well as to
present him/her the opportunity to intervene in case of
assembly errors. To test and further enhance the CCU in a
near-reality production environment in a variety of different
assembly operations, a robotic assembly cell had been set
up. The scenario comprises major aspects of an industrial
application, while at the same time easily illustrating the
potential of a cognitive control system. As a demonstration
scenario, the building of an assembly group comprised of
Hubelino bricks, which is given to the CCU in the form of
a CAD file, was chosen.

In order to verify an assembled group, the CCU requires a
recognition process. Additionally, the human operator must
be supported in case of assembly errors. This verification
process including the feedback to a human expert was re-
alized using the Microsoft Kinect as a perception device. The
Kinect was chosen since it merges the capability of a depth
sensor and a color camera in a single device, hence providing
an innovative approach for research and development for the
field of environment recognition.

In the scenario, the Kinect was attached to the flange of
an industrial robot, allowing for a positioning at multiple
viewpoints in order to create a virtual image of the current
assembly group. For each viewpoint the depth data as well
as color information is recorded and analyzed to create a
discrete model for each side. Afterwards, the discrete models
are combined into a complete model of the assembly group.
Finally, the superior goal of verifying a real assembly group
of Hubelino bricks was achieved by comparing the resulting
perceived model with the virtual model from the customer-
defined CAD file.

In order to demonstrate the implications in an industrial
application, the concepts that were tested with the demon-
strator cell were transferred to a scenario for the assembly of
switch-cabinets. This scenario bears strong similarities to the
demonstrator cell, that is, in regard to the customer-defined

CAD models and requirements regarding an automated
verification of the final assembly.
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