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Abstract— Robot Programming by Demonstration requires
comprehending the usage of a robotic system. This article is
about accelerating the training of these skills, using the example
of a DLR/KUKA light-weight robot. An augmented reality and
a virtual reality setup are presented that aim to demonstrate
and evaluate skills transfer of two different sub-tasks of this
system: Avoiding robot singularities and setting correct com-
pliance parameters. For this purpose training accelerators are
introduced for visualising robot singularities, exploring robot
singularities and feeling compliance parameters. An evaluation
procedure for all three accelerators is suggested and has been
performed on the first two. As interesting evaluation result
a contrast to the Cognitive Theory of Multimedia Learning
hypothesis could be observed: Additional visual information on
the robot singularities impairs the participants’ performance.

I. INTRODUCTION

The state of the art in programming industrial robots is
tedious writing of many lines of robot specific code usually
carried out by experts specially trained in robot programming
[1]. A new programming paradigm intends to enable robot
programming in an interactive way by “taking the robot by
the hand” and showing it what to do. This paradigm is called
Programming-by-Demonstration (PbD) [2].

A worker, who knows how to perform a task, can program
a robot with PbD simply by executing the same task, but with
the robot in his hand. Ideally, not a single line of code needs
to be programmed. Since the considered novice users do not
have skills on using and programming robots, the key issue
of this article is: How can users learn using PbD?

With the new DLR/KUKA light-weight robot which is
capable of being operated in compliant motion [3], the PbD
paradigm can be introduced from research into commercial
standard robotic applications. Since the worker interacts with
the robot in a direct physical way (see Fig. 1), new skills are
needed to cope with the technical system [4], [5]. Due to the
fact that the robot in use is capable of interacting with the
operator and that it can provide haptic feedback, the robotic
system itself is used as part of a training system.

PbD can be used in different applications and with various
process tasks. This shows that PbD itself is very complex and
has high variation. As it is not possible to cover all aspects
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Fig. 1. Programming-by-Demonstration system based on the DLR/KUKA
light-weight robot.

and all skills involved in the presented skill transfer system,
only two sub-tasks have been selected to be evaluated on
skills transfer scenarios:

• avoiding robot singularities, and
• setting compliance parameters.
In singular configurations the robot loses a degree-of-

freedom, which means that it cannot be moved further in
certain directions in Cartesian space [6]. Close to singular-
ities very fast changes to the joint angles are necessary for
slow movements along certain directions. The sub-task of
avoiding singularities can be analyzed analytically allowing
evaluation of user performance. The other scenario is setting
appropriate compliance parameters for the robot for a given
task. This scenario is more sophisticated since performance
parameters are unknown and evaluation is more challenging.

In both scenarios accelerators for training and skill transfer
are introduced. The term accelerator refers to a methodology
that increases the speed of skill acquisition [7]. In the
training of PbD potential accelerators were chosen based on
the following general criteria: 1) involve sub-tasks that are
difficult for many novice programmers to acquire 2) sub-
tasks that are general and appear in most tasks of robotic
programming 3) sub-tasks that are unique to the domain of
robot handling.

The target group ranges from robot experts with strong
robotic background but no experience in compliance control
to end-users that might be workers with no robotic knowl-
edge at all and probably no academic background.

Two basic technology platforms are used: One is using the
real robot performing a real task (On-Site Setup). The user
is provided with augmented reality (AR) aids. The other is
using the robotic arm in a virtual reality (VR) haptic and
visual environment to perform simulated tasks (Training-



TABLE I
DISTRIBUTION OF THE TWO SUB-TASKS OVER THE PLATFORMS.

platform sub-task accelerators evaluation status

On-Site Setup compliance haptic feedback plannedcontrol
Training-Center singularity 1) visual pointer finishedSetup avoidance 2) exploration

Center Setup). Thus, with the choice of using two training
platforms, the advantages of both are combined, i.e. with a
real robot (On-Site Setup) the PbD task is realistic, and with
virtual reality technology maximum flexibility is achieved,
in terms of modifying the scenario, and adapting visual or
haptic guides.

The following sections give an overview of a skill training
demonstrator for comprehending the operation of a new
robotic system. Section II gives an introduction to some tools
for skills transfer and their possible drawbacks. The demon-
strator comprises two setups with different focus. Section III
describes the On-Site Setup focusing on compliance control
and section IV covers the Training-Center Setup focusing on
singularity avoidance. Each section describes one setup used
for demonstrating skills transfer, as well as training tasks
that are foreseen to be performed on them. In both sections
accelerators for training and skill transfer are introduced.
One accelerator focuses on the task of setting compliance
parameters by providing haptic feedback (section III-A).
Two accelerators focus on the sub-task of singularity avoid-
ance and involve a visual guidance technique and a training
protocol for encouraging participants to actively explore their
environment (section IV-A). A plan for evaluating the latter
two accelerators is presented in section IV-B together with
evaluation results. Section V summarizes the main issues of
this work.

II. STATE-OF-THE-ART IN VISUAL AND HAPTIC
GUIDANCE

The most intuitive way feedback in a PbD scenario can
be provided is by visual guidance. Arrows, for example, can
be used to point out directions leading out of singularities.
The current section briefly reviews the literature on visual
and haptic guidance.

Two main theories postulate that using the visual and
auditory channels for presenting information improves skill
acquisition compared to the use of a single modality [8], [9],
[10]. Both theories are based on Baddeley’s model of work-
ing memory [11]. According to this model, working memory
is limited in capacity, but includes two processors, auditory
(verbal) and visual, which can be used simultaneously. The
Cognitive Theory of Multimedia Learning [8] argues that
having two modalities available during training enables a
trainee to build two different mental representations - a
verbal model and a visual model - which enriches the stored
memory. This theory is supported by findings in multimedia
studies showing that adding pictures and animations to vocal
narrations improves success rate in subsequent knowledge
tests (e.g. [9]).

A second theory supporting the use of multiple modalities
during training is the Cognitive Load Theory [10], [12],
which asserts that using multiple sensory channels reduces
the cognitive load on working memory. These arguments
were also supported by research findings [13], [14]. For
example, using integrated images and transcripts (compared
to presenting them separately) was found to enhance per-
formance in some settings [13]. Together, the two theories
support the use of multimodal training including visual guid-
ance, along with information received by other modalities.

Questions about the use of visual guidance arise from
the old literature on experimental psychology, showing that
visual guidance can be productive during guidance but can
be detrimental in transfer tasks [15]. A recent study that
demonstrated this human skill acquisition was conducted
by Gavish, Yechiam and Kallai [16]. In their study trainers
instructed trainees on how to perform a 3-D puzzle. This was
done in two conditions: Vocal guidance, where only vocal
instructions were possible and vocal guidance with mouse
pointing (where the trainer could also use a mouse to point
out positions on the trainee’s screen). The results showed that
90 % of the trainers used the mouse pointing option when it
was available. However, the use of the mouse pointer, while
reducing mental load during training, drastically impaired
trainees’ success rate and performance speed, leading to a
performance decrement of about 50 % in the proportion of
successful completers and in response time.

These results suggested that the use of multimodal training
using visual guidance should be re-evaluated. Possibly, vi-
sual guidance during training reduces the active exploration
process necessary for acquiring the more generalized skill.
Still, there are conditions where visual guidance is necessary
because visual feedback cannot be easily supplemented by
alternative modalities. Singularity avoidance in PbD is a
case in point. It is very difficult to provide information in
six degrees of freedom in a non-visual manner. This led
the current design process of PbD to consider avenues of
reducing the possible harmful effects of visual guidance.

As the negative effect of visual guidance is posited to stem
from little active exploration of the environment [16], a train-
ing protocol necessitating the trainee to actively explore the
task environment after getting visual feedback is predicted
to offset this negative effect [17]. The next sections provide
the details of the selected arrangement of visual and haptic
cues.

III. ON-SITE SETUP

The On-Site Setup of the PbD-Demonstrator is a scenario
where virtual (visual and haptic) information is augmented
to a real life setup (see Fig. 2). It is set up in the actual
working cell with a DLR/KUKA light-weight robot (LWR)
and task related equipment, and thus consequently features
all the details of a real working setup. The LWR is a revolute
joint robot, with integrated electronics comprising torque
and position sensors [3]. This sensory equipment enables
compliant behaviour and opens the door to the sensitive
area of direct human interaction. The LWR has a nominal
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Fig. 2. The On-Site Setup with touch screen for interaction and instructions,
robot with handle, workspace with Lego structure and a big screen for AR.

payload-to-weight ratio of 1 : 2 such that it can handle
objects of a weight up to 7 kg. With its seven serially
linked joints, this robot possesses redundant kinematics that
allow null-space movement, which is valuable for avoiding
collisions and optimizing the robot’s configuration [18].

With the On-Site Setup we examine how additional sen-
sory information can be used to enhance learning in real life
environment. The task is to place a Lego brick into a notch
of a given Lego structure (see Fig. 3). The brick is placed
in front of the structure. The following motion inserts the
brick into the notch and to its end, where the brick must
be pressed down. For compliant motion a trajectory and
compliance parameters are necessary. In the training scenario
the trajectory for this motion is provided by the system. The
user is supposed to set the compliance parameters of this
motion appropriately, which means the robot successfully
reaches the desired position without getting stuck on the way
nor damaging the structure.

Fig. 3. On-Site Setup task: Set parameters for fitting Lego brick in a notch.

For simplifying the task, the system can limit the set
of changeable parameters to those, which are necessary
to solve the task successfully. The user may get visual
guidance/assistance e.g. a virtual coordinate system on the
AR screen or a performance score (calculated e.g. from
number of steps, required time, deviation to ideal solution...).
The trajectory for executing the process may be selected
to vary the peg-in-hole task. The focus of research with
this setup concentrates on the benefit of a haptic accelerator
which is described in detail in following subsection.

A. Accelerator Haptic Feedback

This section introduces a haptic accelerator facilitates the
setting of compliance parameters that is done before a robot
makes a series of movements. It supports the acquisition of
the cognitive model of compliance through a direct haptic
feedback in the course of the robot movement. The challenge
of setting compliance parameters is to set them so that they

Fig. 4. Compliance parameters (left) and haptic feedback (right).The user
can adjust the six compliance parameters of the robot by pressing the + and
- signs. The user can “feel” the parameterized compliance of the robot.

will be optimal to the specific task at hand. In standard
robotic application a user programs compliance levels and
then observes the results. In the current system, the user is
provided with direct haptic feedback of the parameterized
levels of compliance.

There are six compliance parameters for Cartesian space,
which define the translational and rotational stiffness. When
starting the parameterization, the compliance parameters are
set to an initial parameterization by the system. The initial
parameters are not known to the user. He may activate
the parameterized robot, grab the handle and “feel” the
compliance of the robot. The user may then change the
parameterization for each dimension with +/- buttons on the
screen (see Fig. 4) and experience the result of these changes
by grasping the handle and exerting forces on the robot.

With this accelerator the user only starts robot motion
when he thinks that the task can be accomplished with the
compliant behaviour he has felt with his own hands. The
user observes the robot executing the given task. He may
subsequently alter the parameters and feel the result of his
action again, in order to improve the performance of the
robot.

B. Evaluation

The evaluation study will use the training condition (visual
feedback; visual + haptic feedback) as the independent
variable and performance (number of moves to complete a
task, response time) as a dependent variable. This study is
planned to be performed on the On-Site Setup (see Fig. 2),
and will be conducted in the near future.

IV. TRAINING-CENTER SETUP

The Training-Center Setup of the PbD-Demonstrator is
based on VR technology to simulate different cases taken
from real life and can be easily augmented with real
components of the use case. The core component is the
DLR/KUKA light-weight robot being used as haptic device,
but the methodology will also allow for using other inter-
faces within this setup. Other technical components of this
setup comprise the visualisation engine InstantReality from
Fraunhofer IGD [19], and the haptic algorithm VPS [20] for
computing collision forces and torques in the virtual scene.
To realistically display these forces to the user, the haptic



Fig. 5. In the Training-Center Setup the trainee must use the virtual robot
to build a predefined Lego structure.

control has been designed following the stability condition
for haptic rendering [21].

The purpose of this setup is the transfer of skills related to
the handling of the robot (robot skills) to a novice user. The
use cases can be adopted to concentrate on specific aspects of
certain skills needed. For the selected sub-task “singularity
avoidance” a Lego game environment has been developed in
the VR (see Fig. 5). The goal of the training task is to train
the user to understand the effects of robot singularities and
to avoid them.

In the Lego game the user should build a predefined
Lego structure with a virtual LWR, while trying to avoid
singular robot configurations. The virtual robot’s end-effector
is coupled to the real robot being used as haptic device,
such that the user can move and rotate the virtual robot,
and feel forces and torques that occur in the virtual world.
Thus, not only collisions between the virtual robot and the
virtual environment are displayed, but also the dynamics of
the virtual robot itself. This is essential to feel the effect of
robot singularities.

In the VR a red blinking Lego brick is indicating the pick-
and place-positions. The trajectories between these positions
can be freely chosen by the user. During the game different
means of help can be activated. Some of them are selected as
potential accelerators and described in the following section.

A. Accelerators

Two accelerators were chosen for the Training-Center
Setup that focus on the sub-task of singularity avoidance
and involve a visual guidance technique and a training
protocol for encouraging participants to actively explore their
environment.

1) Visual Pointer: Two kinds of visual pointers are de-
scribed in this section to indicate the singularity index of the
virtual robot: rotating arrows and a performance indicator.
The singularity index is a value that describes the proximity
of a robot to its closest singular configuration. Different
methods can be used to calculate such an index. The imple-
mented method is based on the distances of all joint angles
to their singular configurations. Its main advantages are (1)
that it gives a singularity index for each robotic joint instead
of one global index, (2) the singularity index indicates the
direction for each joint to avoid the singularity, and (3) it can
be easily extended in order to recognize sub-singularities,
which are singularities of a part of the robot (e.g. if the
first three joints of the robot lose one degree-of-freedom).

Fig. 6. Green rotating arrows indicate the singularity index of each joint.
The wider the arrow, the closer is the robot to a singularity.

The singularity index of each joint is visualized as rotating
arrow (see Fig. 6), which indicates the direction the specific
joint has to move in order to increase the distance to the
singularity. The absolute value of the singularity indices is
indicated by the widths of theses arrows: the widths are
proportional to the singularity indices.

In order to communicate his success to the trainee during
task execution, a performance indicator has been developed.
This module is capable of visualizing two scores, numeri-
cally and graphically (see Fig. 7). Different parameters can
be mapped to these two scores. For example, for the training
of singularity avoidance, the first score of this performance
indicator represents the current singularity index of the robot,
and the second one a total score of the trainee during the
Lego game.

Fig. 7. Performance indicator is showing the singularity index and the
score of the user.

2) Exploration of Singularities: This second accelerator
is a training protocol that enables the user to explore robot
singularities. The virtual robot starts in a singular configura-
tion and the user may move the virtual robot via moving the
haptic device. Thus, the user can easily explore the effect of
singularities: The robot cannot move in certain directions
anymore. The experiment’s training protocol will involve
having the users start in a singularity, get out of it, and re-set
the system to this singularity.

Analytical determination shows that there are four possible
conditions for a singularity of the LWR [6], as shown in
Fig. 8. In such a condition, one or two joints of the LWR
must be at zero position, while the other joints may be
arbitrary. In the training protocol the user sequentially has
to go through all four robot singularities and explore their
effect.

(a) θ4 = 0 (b) θ2 = θ6 = 0 (c) θ2 = θ3 = 0 (d) θ5 = θ6 = 0

Fig. 8. Singular configurations of the LWR. The green arrows indicate the
robot joints that cause the respective singularity.



Fig. 9. Evaluation system for the two accelerators “visual pointer” (left)
and “exploration of singularities” (right).

B. Evaluation

This section presents an evaluation plan that comprises
the two potential accelerators of the previous section and
presents evaluation results.

1) Plan: The challenge of singularity avoidance is to
prevent the robot’s posture from reaching configurations
where it gets singular, i.e. it cannot be moved in certain
directions anymore. To support the learning process, we
use two accelerators: The visual pointer which directs the
user to the required moves for avoiding the singularity,
and a training protocol called “exploration of singularities”
which is aimed to overcome the negative effect of “passive
guidance” that appears to be a side effect of visual guidance.
The evaluation is composed of two experiments that both
have been performed on the Training-Center Setup shown in
Fig. 9.

(a) Lego game 1 (b) Lego game 2 (c) Lego game 3

Fig. 10. During the evaluation the participants have to play three modified
versions of the Lego game. In the bottom right corner of each picture is
shown the target structure.

The complete training involves three modified versions of
the Lego game and starts with the pointer as an easy first step.
In this first experiment all participants have to play the Lego
game 1 (see Fig. 10 a). Two groups are compared, of which
group A has visual pointers whilst group B does not. After
completing Lego game 1, the training success is compared in
a transfer scenario, which is a second Lego game (Fig. 10 b)
involving different singularities. The hypothesis is that group
A needs significantly more processing time to fulfill the
second Lego-game in the transfer task than group B, due to
the negative effect of passive guidance [16]. In other words,
the training effect of group A will be less, because they
rely on the help provided by the visual pointer. Experiment
1 is performed with three groups (A1, A2, B), because
in the second experiment two groups (A1, A2) with same
experience from the first experiment have to be compared
(see Fig. 11).

Group AExp. 1: visual pointer

Group A1 Group A2Exp. 2: exploration

Group B

Fig. 11. Grouping of the two experiments.

The training subsequently moves to a stage where the
participants explore the avoidance of singularities in various
positions without using the pointer. This second experiment
aims to overcome the effect of “passive guidance”. The
participants of group A1 and A2 have to perform exploration
training on all four singularities of the robot, where group
A1 has visual pointers, and group A2 has not. To evaluate
the training success the participants of both groups have to
play a third Lego game (Fig. 10 c) as transfer task, under
same conditions, i.e. no visual pointer. The hypothesis is that
group A1, which has the pointer in their exploration training
needs less execution time for the transfer task (game 3) than
group A2, because in this experiment the negative effect of
visual guidance is not expected.

The whole evaluation studies have the training condition
(with pointer / without pointer) for both experiments as
independent variable and performance (number of moves to
complete a task, response time) as dependent variable.

2) Results: In the first experiment 46 participants took
part: respectively 15 participants were part of group A1 and
B, and 16 of group A2. Four women participated in each
group. The age of the sample was between 21 and 58 years
(mean value = 35.04 years, standard deviation = 10.1 years).
54.3% had a technical or engineering profession. 21.7% were
students, of which 80% had technical emphasis in their study

The evaluation results are shown in Table II, where
duration specifies the average time from activating the
robot until the last Lego brick was placed, movements are
combined translations and rotations with a weighting factor
of 0.15m/rad for the rotations to represent the dimensions
of the robotic tool, and score ranges from 0 (minimum) to
1 (maximum) is determined by subtracting from 1 the line
integral of the singularity index over the movements.

Contrary to the hypothesis, no significant difference1 in
the duration of the transfer task (game 2) could be observed.
Moreover, also the difference in movements and the score
is not significant. However, in game 1 there is a significant
difference in duration and movements: Groups A1 and A2
needed more time and more movements than group B.

The results of experiment 2 are shown in Table III. In all
three dependent variables there are no significant differences.
Indeed, the performance values of the two groups are rather
similar. Given the fact that visual guidance had no negative
effect in experiment 1, it is not surprising that the exploration
training designed to overcome this negative effect did not
work.

1Significance is tested with a one-way independent ANOVA with a signif-
icance level of .05. The samples were positively tested by the Kolmogorov-
Smirnov test and Levene’s Test.



TABLE II
EVALUATION RESULTS OF THE VISUAL POINTER.

Lego game 1 vis. pointer duration movements score(training)
Group A1 on 141.2s 17.6m 0.47
Group A2 on 134.1s 16.8m 0.39
Group B off 86.8s 12.8m 0.39

Lego game 2 vis. pointer duration movements score(transfer)
Group A1 off 81.9s 12.0m 0.34
Group A2 off 81.3s 10.9m 0.25
Group B off 64.6s 11.0m 0.23

TABLE III
EVAL. RESULTS OF THE TRANSFER TASK OF EXPLORATION TRAINING.

Lego game 3 visual pointer duration movements scoretraining / transfer
Group A1 on / off 78.4s 11.7m 0.60
Group A2 off / off 72.1s 11.0m 0.59

3) Discussion: The current results present an interesting
contrast with the Cognitive Theory of Multimedia Learn-
ing [8] hypothesis that presenting both visual and haptic
feedback facilitates performance. Clearly, presenting visual
information along with haptic information impaired the
participants’ performance during training compared to pre-
senting haptic information alone. This may be due to the
dominance of vision and the fact that the information we
presented visually was in a step by step manner. This discrete
information possibly misled participants to pay less attention
to the information available haptically or by other visual
means (their sight of the robotic arm) which could have sped
up their responses.

Better designed visual feedback might counter-act this
effect. Possibly, for instance, if the arrows are pointed at
mid-target locations (that are right out of the singularity)
rather than direct step by step discrete movements, this
could improve performance by providing visual guidance
that is not based on a movement by movement information.
This type of target-based visual guidance may also offset
the negative effect of visual feedback on active exploration,
noted previously [16].

V. CONCLUSIONS

The present article introduces potential training acceler-
ators for two sub-tasks in the context of Programming-by-
Demonstration. A visual pointer and a training protocol for
exploring singularities aim to train avoiding singularities,
whereas haptic feedback targets the sub-task of setting ap-
propriate compliance parameters. The two selected sub-tasks
are especially challenging to be acquired through traditional
text-book learning.

An evaluation plan for all three accelerator was introduced,
and two were evaluated. The evaluation results show a
contrast to the Cognitive Theory of Multimedia Learning
hypothesis that simultaneous visual and haptic feedback
enhances performance. Actually, a significant decrease in
performance was observed if the visual pointer was active.
Yet, although the groups that had visual pointers in the

training task showed lower performance in the transfer task
than the reference group, this effect on skill acquisition was
not significant.

A subsequent evaluation with modified setup and simpli-
fied visual feedback may confirm the results obtained. Evalu-
ation of the third accelerator, i.e. utilizing haptic feedback for
the sub-task of setting appropriate compliance parameters,
seems promising and will be performed in near future.
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