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Abstract—Robotics evolved as a central issue in teaching for
scientific and engineering disciplines. However, the community
lacks tools allowing quantitative standardized assessment of
student learning, in order to subsequently improve teaching. A
common concept inventory can play the role of such a tool. We
know concept inventories for a number of subjects, for example
in the field of Signals and systems [1]. Concept inventories
typically consist of a standardized multiple-choice exam that
allows assessment of students’ understanding of the most central
concepts of a subject. Typically, students are tested before and
after having participated in the course. The relative performance
gives a numerical value that allows measuring teaching and
learning success and possibly also highlights specific problems of
the teaching or learning approach. With this paper we want to
initialize the process of identifying a list of central concepts in the
field of robotics.
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I. INTRODUCTION

There are innumerable pedagogical approaches in teaching
in general and also in teaching robotics [2, 3, 4, 5, 6, 7,8].
But, do we know the best approaches to give a robotics
course? Is our favorite teaching method really the best for our
students? Should we apply a more interactive style of
teaching? Do we lose too much time with our problem-based
approach? Do we need more than one teaching approach due
to the diversity of our students? A concept inventory may help
to answer this kind of questions. The goal of this paper is to
initiate the design of a concept inventory for robotics. A
concept inventory goes beyond known classroom tests. It is
intended as an instrument for large-scale tests of educational
approaches. Linedell et al. [11] defined a concept inventory as
“A multiple choice instrument designed to evaluate whether a
person has an accurate and working knowledge of a concept
or concepts”.

What makes teaching robotics particularly challenging for
us is its trans-disciplinary nature. On the other hand, robotics
is challenging for our students due to the fact that concepts
from different disciplines have to be well understood. So,
robotics requires mechatronic as well as electrical
engineering, computer science, artificial intelligence and
mathematical concepts. As a consequence this could mean to
base a robotics concept inventory on an aggregation of
existing concept inventories, e.g. for forces, mechanics,
mechanics, electrical engineering and mathematics. But,

would this be a good solution? From our perspective, this is
certainly not the case. In particular, there is a risk that the
bridging competencies required for understanding robotics
will not be included in this kind of aggregated concept
inventory — we might even think about some kind of cross-
concepts reflecting the complexity of the robotic system
students have to deal with.

Development of a concept inventory and the related test
instrument typically is a multi-step undertaking. For the
design of a robotics concept inventory we are still at the very
early stage of determining the relevant concepts or concept
domain, preparing the test specification and constructing a
pool of items. Eventually there will be a phase of iterative
revision, field tests and assessment of reliability and validity.
Definition of the concept domain often is based on researchers
understanding and studies and literature on students
understanding of the phenomena that are relevant to the
domain. This paper provides a coarse orientation to foster a
discussion among researchers on concepts that are relevant for
a robotics concept inventory.

The remaining paper is organized as follows: After this
introduction, we will shortly revisit the Signal and Systems
Concept Inventory (SSCI), in order to explain the underlying
approach. Then we will derive a number of categories for our
robotics concept inventory and — in a second step — a list of
concepts, which we consider to be central for robotics. We
will end this paper with a short conclusion and an outlook
towards future work.

II. CONCEPT INVENTORIES REVISITED

In this section we will have a look into one of the most
often referred to concept inventories. Signals and Systems
lectures typically are the first steps of students into the field of
robotics, signal processing or transmission. We therefore have
a look into respective research. Work on the signals and
systems concept inventory (SSCI) started in the year 2000 and
has initially been published by Wage et al. in her article ‘The
Signals and Systems Concept Inventory’ in 2005 [1].

Work started with collecting core concepts of the
respective field and designing the test. In a second phase, tests
have been used in an alpha-test phase by a number of
universities. This resulted in revision of the test questions, but
also provided a basic calibration of numerical results. The
signals and systems concept inventory actually consists of a
continuous time (CT) and a discrete time (DT) inventory.
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Category

Concept(s)

Math

Time/frequency: select the plot of the sinusoid
with the highest frequency

Math

Time-reversal: given a plot of p[n], recognize the
plot of p[—n]

Math

Time-shift: given a plot of p[n], recognize the
plot of p[n — 1]

Math

Basic signals: recognize a plot of u[n] —u[n—2]

Math

Periodicity of DT sinusoids: given a plot of
cos(won), recognize plot of cos((wo + 27)n)

LTI

Time invariance: given an input/output pair for an
LTI system, recognize the output when the input
is a shifted version of the original input

Sampling

Mechanics: given a plot of the samples of
z(t) = sin(2m(3)t), determine the sampling
period 7" that was used to obtain them

Sampling

Nyquist: given plots of 4 sinusoids, determine
which one could be sampled at a rate of 5 Hz
without aliasing

Trans/Filt

Filtering of a sinusoid: given an LTI system
defined by a plot of its freq. response (magnitude
and phase), determine the output when the input
is a sinusoid

Trans

Time/frequency: given plots of a windowed sinu-
soid and its transform, recognize the transform of
a higher-frequency windowed sinusoid given its
time plot

Conv

Convolution: given plots of the input and the
impulse response, recognize the output of an LTI
system

Trans

Transform properties: given a plot of P(el),
find the plot of R(¢“) when r[n] = p[n] *p[n]

Trans

Transform properties: given a plot of P(e’“),
find the plot of R(€“) when 7[n] = 2p[n]

Conv

Commutative property of convolution: recognize
that reversing the roles of the input and the
impulse response does not change the output of
LTI system

Trans

Fourier series: given a plot of a periodic signal,
select the equation that best represents it

Math

Difference equations: recognize the form of the
solution to an LCCDE with sinusoidal forcing

Trans

Transform properties and LTI systems: given a
system with freq. response H(el®) = eJw«
and a plot of the system output y[n], find the
plot of the corresponding input z[n]

Trans

Poles/zeros: given a set of PZ plots, find those
corresponding to stable, causal systems

Trans

Poles/zeros: given a set of PZ plots, find those
corresponding to real impulse responses

20

Trans

Poles/zeros: given a set of PZ plots, find the one
corresponding to decaying exponential impulse
response

21

Trans

Poles/zeros: given a set of PZ plots, find the one
corresponding to a particular frequency response
magnitude plot

22

Trans

Fourier transform: given a plot of z[n], determine
the DC value of its Fourier transform

23

LTI/Conv

Convolution/LTI properties: given the impulse
responses of two systems, determine the causality
of their cascade and parallel connections

24

LTI

Linearity/Time Invariance: given 3 input/output
pairs, infer whether a system could be linear
and/or time-invariant

25

Trans/Filt

Filtering of windowed sinusoids: given plots of a
windowed sinusoid, its Fourier transform magni-
tude, and the frequency response magnitude of a
filter, select the plot corresponding to the output

Fig. 1. Table of DT-SSCI (from [1]).

Each part consists of 25 multiple-choice questions. Please
see figure 1 for the DT-SSCI.

Questions are designed to elicit if students actually
understood the underlying concept. The concept inventory
typically covers a number of categories, related to one or
multiple underlying concepts. In the DT-SSCI we have among
others the questions related to mathematics (Math), Linearity
and time-invariance (LTI) and sampling (Sampling). Figure 2
shows as example question 1 of the CT-SSCI.

Fig. 2. First Question of CT-SSCI (from [1]).

Question 1

Figure 2(a) shows four signals z,(t) through x4(t), all
on the same time and amplitude scale. Which signal has
the highest frequency?

270 1 2 3 4 A 0 1 2 3 4
t t
2 2
1‘
S
x
-1
) -2
24 0 1 2 3 4 S 0 1 2 3 4
t t

(a) Signals x4 (t) through x4(t) for Question 1.

A number of about 25 items showed to be suitable to cover
the content of a typical lecture and to be suitable for an
individual test. Often, different items may help to test the
understanding of the same concept. However, a larger number
of test items may possibly help to elicit misconceptions of
relevant concepts in more detail. Typically students undergo
CI tests only twice, at the beginning of the lecture and at the
end. Therefore, changes in the test-setup typically are not
required. Furthermore, with a strict decoupling of grading and
the CI tests, there is no incentive for students to specifically
prepare for a CI test.

Questions are not discussed in class. Distribution of tests
and specifically the correct answers typically is strictly
restricted to researchers. Unlike examination test, CI tests
undergo a lengthy design, test, and calibration phase for sake
of comparability of results and can not be easily changed if
test questions should become widely available and used for
other purposes, like e.g. test-driven learning.

Typically, the same test is carried out at the beginning (pre
test) of the respective course or learning module and at the
end (post test). Students typically have about 60 minutes to
answer the test questions without additional material or aids.
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Tests are graded on a scale between 0 (worst) and 100 (best).
From pre- and post-learning test results for every student an
individual gain is calculated by the following formula:

post— pre

100 - pre

The learning gain is thus calculated by relating the
difference of results from post and pre tests to the unknown
part of concepts at the time of the pre test. This normalization
allows for a comparable assessment of learning progress of
students at different levels, e.g. at undergraduate or graduate
level.

Figure 3 shows an aggregated representation the results of
the CT and DT SSCI tests for different course types. On the x-
axis the results of the pretest is shown, whilst the difference of
post- and pretest is allocated to the y-axis. The filled triangle
to the right shows the test results for a traditionally taught
digital signal-processing (DSP) course at graduate level.
Pretest results have been about 60 points and posttest results
about 85 such that a gain of about 0.63 was reached. The
dashed lines indicate the gain ranges. A gain between 0 and
0.3 is considered low, a medium gain is in the range of 0.3 to
0.7 and any result above 0.7 is considered as a high learning
gain. Please observe for the undergraduate level, that the
interactively taught signals and systems classes (unfilled
circles and squares) typically show a higher gain than the
traditionally taught classes (filled circles and squares).
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Fig. 3. Averaged gains of different course types (from [1]).

Further more, the test reveals many more details if results
are processed further. A number of statistics measures can be
applied, for example correlation of correct or wrong answers
to different test items. Further more, specific wrong answers
may indicate specific misconceptions among student
understanding.

A detailed discussion of the SSCI and the results presented
in figure 3 can be found at [1]. There also are more resources
and publications available on concept inventories, e.g. [9] and
[10].

III. THE ROBOTICS CONCEPT INVENTORY FOUNDATION

A number of specific properties affect the design of a
concept inventory for the field of robotics. Robotics is widely
inter-disciplinary, integrating a large number of technical and
scientific domains and the related underlying concepts.
Furthermore, robotics itself is fragmented into many sub-
domains, for example into stationary and mobile robotics, just
to mention two.

However, we believe concept inventories are a very helpful
tool to further improve robotics education in a systematic way
and thus propose the following starting point for the
development of a robotics concept inventory. We start with an
overview of concept categories, we consider central for
robotics education. Readers are invited to contribute to the
discussion with possibly additional concepts that should be
considered.

Not all of the concepts being finally considered as relevant
for the field of robotics may be relevant for all courses.
However, in order to have a universal concept inventory it
needs to span all potential concepts. By means of using a
relative gain as quantitative measure of success, the CI will
remain a valid tool even if not all of the concepts are
considered in the respective lecture. If two or more
sufficiently distinct sub-domains can be identified, a
separation into a respective number of specialized concept
inventories, similar to continuous and discrete time for signals
and systems can be considered.

A. Categories of the Robotics Concept Inventory

Analysis of textbooks, curricula and course syllabi (e.g. [12,
13, 14, 15]) reveals the following list of general concept
categories for robotics education:

. Math / Numerical methods
. Mechanics

i Control Theory

. Stability

. Kinematics

. Dynamics

i Sensing

. Perception

i Planning

i Navigation

. Decision-making

. Uncertainty

The ‘math’ and ‘numerical methods’ category covers all
concepts related to the mathematical foundation and its
application to realising robotics applications. Robot
mathematics is specifically related to linear algebra as well as
differential equations. Representation of multi-parameter
properties, e.g. position and pose of an object in space, by
means of vectors is a crucial concept. Furthermore, there
should be an understanding of aggregating relations and
mappings into systems of equations and matrixes and tensors.
Numerical Methods are required to efficiently solve complex
calculations and algorithms. In addition to real-time
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constraints, in the field of robotics complexity may also be
considered in view of available resources and energy to carry
out certain mathematical calculations.

The ‘mechanics’ category covers all aspects of Newtonian
mechanics. Students should have a clear concept of forces and
torques, and the notion of systems. They should understand
how displacement, speed and acceleration relate to each other
and they need to be aware of the basic mechanical elements
(mass, spring and damper), both in a linear and rotational
configuration. This would lay the base to judge the basic
physical behaviour of the mechatronic system of a Robot. This
category may be extended to the concepts of typical robotic
actuators that generate force or torque for locomotion, to
articulate robot elements or grasp objects.

Robots can be considered as mechanical actuators.
Therefore, the basic concepts of ‘control theory’ need to be
part of a robotics CI. One aspect would be the principle of
close loop control to change system properties in a favourable
way.

‘Stability’ can be addressed in a number of contexts. In
covers mechanical stability that keeps a robot from falling,
control theoretic stability that keeps systems from un-intended
oscillation and the stability notion of decision making, to
consequently follow a plan.

‘Kinematic’ concepts are required for intentional behaviors
of complex mechatronic systems, like robot arms and for
motion planning of mobile robots. Kinematics has some links
with mathematics, specifically systems of linear equations and
trigonometry. It also addresses questions like degrees of
freedom, kinematic chains and concepts that lead to
conventions like the Denavit-Hartenberg model.

‘Dynamics’ specifically covers the field of rigid body
dynamics and dynamic behavior. It introduces force and
momentum into the analysis, design and control of robots.
This category can be considered as basically linked with
mechanics and math. However, even only for organisational
reasons, it deserves a distinct category
‘Sensing’ of physical parameters includes signal estimation
and filtering. It also includes considerations on statistics.
These are crucial concepts in the field of robotics. One of the
main misconceptions about sensing in robotics is taking
measurements for face value and not questioning information
content and reliability of the readings. The motivation and
concept of Kalman-filtering may serve as an example for
importance and the difficulties related to this category.

‘Perception’ can be seen as the level above sensing that
turns sensor data into a model relevant for planning and
decision-making. It requires identification of points and
objects of interest as well as their high-level inter-relation.
This category may also include aspects of computer vision,
possibly sharing with the sensing category, however, it is
expected, that computer vision would be a domain that can be
separated for being applicable to other fields as well. A key
concept of perception could be to identify preferably
orthogonal properties of objects.

‘Planning’ includes a number of basic concepts that should
be understood to derive complex activities. Path planning is

among the well-known planning tasks in mobile robotics,
trajectory planning is the respective task for industrial robotics.

# | Category | Concepts
1 Math Transformation between different
coordinate systems: select the
transformation matrix that transfers a
point from one coordinate system to
another
2 | Math Time shift: given a plot of p[n], select
the plot of p[n+1]
3 | Math/ Difference equations: Given a sequence
Numerical | of equidistant distance measurements,
methods select the values for speed and

acceleration

Linearization: Given a curve, select a
suitable stepwise linear representation
Spring-mass-damper system: give a
specific configuration, select the steady-
state configuration

Robot control: select a suitable
configuration of a differential drive
wheeled robot that would follow a
specific trajectory

Control parameters: Identify the a most
suitable control response for a specific
task

Static stability: Given a set of rigid
bodies on different slopes, select the
(un) stable one

Trajectory: given a differential drive
robot with both wheels rotating at
different speed with a fixed ratio, select
the trajectory the robot takes

Building space: Given a specific robot
arm configuration, select the sketch of
the space the robot can reach with its
tool

Motor momentum: given four robot
configurations, select the one that
requires the lowest motor momentum
for a given task

Drift: Assume a measuring system that
adds a fixed, ever increasing value to
the measured value, determine the time
after which the measurement will be
unreliable.

Object properties: Given a four
different objects, determine the number
of properties to identify the objects
Path planning: given a specific
environmental configuration (obstacles
and path), derive a suitable cost
function that describes the situation

4 Numerical
Methods
5 Mechanics

6 Mechanics

7 | Control
Theory

8 | Stability

9 Kinematics

10 | Kinematics

11 | Dynamics

12 | Sensing

13 | Perception

14 | Planning

Fig. 4. Tentative table of robotics CI
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‘Decision-making’ is an important aspect for autonomous
robots. It is related to the field of artificial intelligence,
however in the context of a robotics concept inventory it may
only cover the very basic ones. Possibly, decision-making
concepts are candidates for a separate Al concept inventory.

‘Uncertainty’ in the field of robotics is one of the most
crucial categories, as could be observed in many teaching
situations. It is related to sensing and perception, however it
may need to be considered as a separate category for its
fundamental importance. In the field of mobile robotics a
large degree of uncertainty is introduced, may this be
uncertainty about sensor data or the effect of actions, e.g. due
to unintended slip of robot wheels on the ground. Even, in the
field of industrial robotics with high repetition precision
students need to be aware of the possibility of a missing work
piece and appropriate actions for example.

B. Robotic CI Details

Based on our underlying considerations, sketched in the
previous section, we now present a non-exhaustive list of
concepts we consider relevant for the field of robotics (figure
4). The list is intended as a trigger for a broader discussion
within the robotics education community and should by no
means be considered as finalised. However, the authors intend
to start acquiring experience based on the preliminary set
presented here.

The concepts and related questions, except for question 6
(figure 5) are not detailed further to avoid spreading the
questions for test-driven preparations among students, which
may affect long-term viability of the test results. However, the
underlying concepts should be immediately obvious to
robotics educators and should not affect the discussion.

Question 6

Consider a two-wheel differential-drive robot
(segway) with two individually driven wheels. Which
robot will move on a circle trajectory in a clockwise
direction? Arrows indicate rotation speed of the
wheels and direction. Assume ideal ground contact.

a) front b) front

rear rear

c) front d) front

rear rear

Fig. 5. Question 6 of tentative robotics CI

The test items are intended to gradually evolve, based on
the discussion among and contribution by robotics educators.
It is expected, that following the discussion, a small number of
robotics concept inventories to cover different sub-domains of
robotics will evolve. However, to start with improving
robotics teaching, a single CI to cover the most crucial aspects
may be sufficient.

IV. CONCLUSIONS

In this paper we presented a first robotics concept
inventory skeleton to assess teaching and learning quality. We
started by defining a number of categories for our concept
inventory. Then out of these categories, we crystallized a
comprehensive list of concepts.

We will use this robotics concept inventory to assess the
teaching quality in our courses and to improve the concept
inventory itself.

The in our paper generated concept inventory is far from
being finished. Readers are explicitly invited to comment and
to contribute on still missing concepts.
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