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Abstract— Experiments are essential ingredients of science,
both to confirm/refute a theory and to discover new theories.

It is a common belief that experimentation in robotics has
not yet reached a level of maturity comparable with that
reached in traditional science. In this workshop, we will discuss
fundamental issues about the role of experiments in robotics,
such as how can results be replicable and refutable on the one
hand, and quantitatively comparable according to community-
endorsed metrics to enable a faster cumulative progress, or
even appreciate disruptive changes.

These issues, when viewed in the context of some general
principles about experiments in science and engineering, will
lead us to derive some insightful considerations on the role of
experiments in robotics. A key point to allow replication and
comparison of results is having adequate data support: all the
data necessary to repeat a given experiment, how to achieve it
with today's digital media will be addressed.

1. INTRODUCTION

Most forms of robotic system performance
measurement, evaluation, comparison, etc. involve
practical experimentation, which must be carried
out responsibly and reported well. Recently, the
interest in experimental methodologies increased
dramatically within the robotics community, both
from researchers and from funding agencies,
according to the idea that good experimental
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activities could reduce the gap between research
and industrial applications.

Some projects have been funded by the European
Commission and a series of workshops (see
below) have been held in the latest years.

Despite the ongoing efforts and the recognized
importance of experiments for rigorously
evaluating new approaches and for reporting them
in an objective and complete manner, these ideas
have not yet become really part of current
practice, as it can be seen by having a look at
recently published papers, see [18]. This may be
due to the difficulty to perform time-consuming
experiments and to the weak awareness of
experiments as fundamental elements in the
development of a robotic system.

The aim is to discuss fundamental issues about
the role of experiments in robotics, and namely as
already noticed above, issues such as how can
results be replicable and refutable on the one hand,
and quantitatively comparable according to
community-endorsed metrics, on the other hand.
As both replication and benchmarking are needed
to foster a cumulative advancement of robotics,
and even to correctly appreciate disruptive
innovation in the science and technology of
robots. The recent evidence of community interest
suggests that it is willing to take steps to improve
in this area.

A deep discussion of these issues, when viewed
in the context of some general principles about
experiments in science and engineering, will lead
us to derive some insightful considerations on the
role of experiments in robotics.

The ICRA 2010 workshop on the role of
experiments in robotics is a joint initiative of the



new IEEE-TC on Performance Evaluation and
Benchmarking of Robotic and Automation
Systems (PEBRAS) and the EURON Special
Interest Group on  Good  Experimental
Methodology for Robotics (SIG GEM). The
proposers are co-chairs of IEEE-TC PEBRAS
and/or EURON SIG GEM and have jointly co-
organized over 10 successful related events in the
last 5 years, such as 4-in-a-row workshops on
Benchmarking and Performance metrics at IROS
(2006-2009), two workshops at RSS (2008-2009)
and the Performance Metrics for Intelligent
Systems Workshop (PERMIS) series, which began
in 2000.

One of the core activities of Euron, the European
Union funded network of excellence in robotics
was devoted to the definition and diffusion of
proper benchmarking procedures for intelligent
and robotic system. A few years ago, EURON
started a Special Interest Group on Good
Experimental Methodology and Benchmarking in
order to address these issues. Since then many
discussion has been carried on, see [7,5].

A major output of the Euron SIG GEM is a set of
guidelines for good experimental and reporting
practice.

The GEM guidelines, [17,29], don' t apply to
every kind of papers: 'position  papers',
summarizing a point of view about a general issue,
like this one, 'concept' paper describing at concept
level a research to come, papers reporting on field
testing of a robotic solution, papers usually
interesting, informative and worth publishing, are
out of the scope of these guidelines. We pay
special attention to the papers we define as
'experimental papers': the papers where a
theoretical claim is based on simulation or field
experiments of a technological approach, an
algorithm or a set of algorithms.

A rational research enterprise should not start
from scratch every time, but should build on the
results already obtained by other people, groups,
or organizations. It can be easily verified that
more than 90% of published robotics research
papers include some kind of field or simulation
testing. Despite that they are often not comparable

to similar ones and pose serious issues to be
reproduced.

These papers are usually interesting, the described
testing activities have in many cases a 'rhetoric'
purpose, but not very often can be considered
'experimental' papers with the meaning given
above.

According to the commonly received idea of the
scientific method, it is easy to agree on the fact
that, if we are following a scientific methodology,
when we face an experimental paper we should be
able to:

- validate the results by replicating them

- compare the results in term of the chosen
performance criteria.

A common objection to these points is that
robotics research looks at quite diversified
problems and objects so that comparisons are in
principle or in practice impossible.

It is useful, under this respect, to compare with
older and more established research domains, like
medicine and life sciences, where complexity and
variety of the studied objects is not minor than in
robotics.

In any case if we aim to do 'scientific' claims on
which technical approaches are 'better' according
to a set of given criteria for a given application set
of tasks and environments, a kind of experimental
methodology is needed. And applies whether we
are in a cumulative phase in the development of
our discipline or in presence of a 'disruptive'
creative paradigm shift, as somebody is claiming,
especially in the cognitive science community.

II. EPISTEMOLOGICAL ISSUES

As observed above it is not always easy to verify
if and by which measure new procedures and
algorithms proposed in research papers constitute
a real advancement and can be used in new
applications.

As it is not clear which is the state of the art from
both a quantitative and quantitative standpoint it is
not impossible that new more successful
implementations of concepts already presented in

literature, but not yet implemented with
exhaustive  experimental —methodology, are
ignored.  Since  benchmarking  procedures,



allowing to compare the actual practical results
with reference to standard accepted procedures,
are not widely accepted. It is also difficult to
rationally compare different paradigms like for
instance fully actuated or passive walkers, or top-
down symbolic planning against self-organized
behaviors.

Robotics concepts and methods are used in

different contexts for different purposes. Robotics
is 'science' when it deals with reverse engineering
of animal locomotion or investigate how a natural
system can exhibit cognitive or autonomy
capabilities, and it is 'engineering' when it develop
a new system to cope with a human need. If we
want  to demarcate robotics from astrology a
'scientific methodology' is needed in both cases. It
is also possible to see robotics as the science of
intelligent physical agents (‘embodied cognition').
Replication/reproducibility of experiments and
quantitative performance measurement procedures
are needed to define robotics research as a
scientific enterprise. The word 'experiment' itself
is not widely used in our field. What we should
define as an 'experiment' in robotics? Which
meaning should we give to 'replicability' in our
context?
Although, it is known K. Popper defined in a very
strict way the requisites for a discipline to be
considered 'scientific' focusing mainly on physics,
in other disciplines, in social science, management
and economics exact repetition is often seen as a
limit case. Only when the model fails clearly in a
number of variated experimental setup it is
considered 'not replicable'. Nevertheless, as
already noticed, all disciplines aiming to be
considered 'scientific’ a concept of experiment
replication/reproduction and more generally a
concept of ‘'verification' of theory through
experiments, [24,25,26,27,28].

It seems unlikely to successfully import into
robotics a too strict verification concept: as
already noticed, the huge variability of robot
machines, tasks, and application environments
limits the replication and comparison of results.
Interesting hints come from the epistemological
analysis of biology which seems to share some of
the ‘foundational issues’ affecting robotics. In

comparison to other scientific fields, like, namely,
physics, the status of biology as a scientific
discipline requires an extension of the usual
methodological concepts as they are commonly
received.

The definition of what should be considered a
'law of nature' in biology raises a number of
issues. For reasons not very different from those
raised from robotics research. The laws are usually
not universal but apply to specific species: the
Mendel laws apply to species with sexual
reproduction, but not to all living species.

Almost every theoretical enunciate refers to a
species or a set of species and has stochastic
characteristics.

Systems are usually very complex, involve a huge
numbers of variables and work in open ended
stochastic environments. The same function, for
example flight, can be performed in many
different ways. The wing morphology and
dynamics of a fly are quite different from those of
a bird. On an other end, the wing of the penguins
are used to stabilize swimming.

An interesting point is that the laws regarding a
specific function in a species become true at a
specific time, as a new function evolve, as
depicted in fig. 1., and only if some initial
conditions occur.

then Q

Figl. Time dependence of biological laws

In other cases the high level behaviors of a system
emerge from the superposition of many non linear
underlying processes, see fig. 2, for example at
neural or biomolecular level.
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Fig.2 'Causality at different levels'.

Despite that it is hard to deny a scientific status to
biology. This led also in the recent past to a rich
epistemological discussion on the 'scientific'
nature of biology. S. Mitchell proposed an
interesting pragmatical classification scheme for
scientific disciplines, [33].

According to her view, 'laws of natures', can be
classified in a continuum in a three axis volume in
term of abstraction, (deterministic) strength,
stability (in time).

Interesting analysis of the issues were provided by
Schlick ('Schlick's problem'), [37], pointing out
that a given set of data can be interpreted 'ex-post'
in many different logically consistent ways and
more recently by Nagel, [32], and Goodman, [34].
A possible approach, [31], is to formally define a
'Question' Q as a triple (Px, X, R). Where Py is the
question theme, X = [Py,...Py,...] is the contrast
class and R is a relevance relation. A is a valid
answer iff Py in X is true, A is true, R: (Py, X)->
A.

LA, B2, L3, . LR covering laws

explanans

C1,C2, ... Cn initial conditions

explanandum

Fig.3 Hempel-Oppenheim Schema

In the conceptual schema represented in Figure 3,
which summarizes the Hempel-Oppenheim model
of scientific knowledge,[35,36], all the logical
enunciate have a probabilistic truth value. All the
examples provided above seem to be general
enough to ground a scientific methodology for
robotics.

We need a precise and complete list of laws
invoked for the explanation, a precise and
complete list of initial condition (system hw/sw
architectures, environments, tasks), a precise
definition of what is 'explained' or proven. And we
must accept the fact as we operate in open ended
stochastic environments our theoretical claims,
'enunciate’, have to be of probabilistic nature.

III. DISCUSSION

Robotics research spans over a wide variety of
applications domain and tasks with very different
morphologies, dynamics and control approaches
and implementations. This makes its investigation
domain similar to that of biology.

In both cases the results are highly context
dependent.

Following the 'contextual' approach proposed
above the triple identifying a 'question' above must
be defined every time. For instance, if we think to
locomotion it will be different to have legs or
wheels. If you talk about SLAM it is different to
talk about laser scans or visual information.

This should not be seen as preventing the adoption
of a rigorous scientific methodology. Examples of
'context dependent' laws of nature date back to
very beginning of modern physics: Kepler's laws
were initially introduced for the solar system and
as such they are not 'general' at all.

The theoretical claims (‘enunciate') we are going
to support will probably be restricted to laser scan
based SLAM wheeled mobile robot settings (and
sometimes it is probably necessary to be even
narrower in scope).

How can we enable the replication of research
results?

Starting from Figure 3 conceptual schema we can
define a number of requisites for a robotic



experiment, see [17,29].

We define an experiment a real world verification
by means of a set of empirical tests of an answer
to a significant engineering or scientific question
about a robotic (or robotics-related) system.

In general experiments may be conducted using
simulation as a tool although this prevents a
straightforward generalization to the real world.
The advantage is that simulation allows much
more variations in the parameter space.

The 'context' of the investigation must be clearly
defined in advance: system structure, control
methods, task sets, environment sets.

An experimental paper should address an
interesting engineering (or scientific) question, in
the sense recalled above. Such questions will
generally refer to quantitative relationships
between system, task or environment parameters
and some system performance metrics. The
performance metrics being studied must be
explicitly motivated and clear hypotheses must be
done about the parameters of the system(s),
environment and tasks.

The criteria for evaluating results should be stated
and, where necessary, justified. The performance
criteria being studied must be measurable.

All data regarding the design, the system
parameters, the environment and tasks should be
provided in order to make possible to reproduce
the work.

The benchmarking criteria must be explicitly
expressed: this means that the metrics and their
measurement operational procedures in a wide
enough set of initial condition must be given.

The statistics distributions of the system, task and
environment characteristics parameters must be
given.

The 'adverse' events, those possibly contradicting
the major claims, must be reported. The anomalies
have to be justified in the context of the
maintained theoretical enunciates.

IV. EXAMPLE

As an example we discuss the requisites of a
replicable robotics experiment in visual servoing,
according to [17]

Visual servoing control the movement of robot
(video assisted mobile robots or manipulators) on
the basis of feedback coming from a video device,
like a video camera. This robotics sub-field is, as
it usually happens in robotics, an interdisciplinary
domain integrating computer vision, robotics,
kinematics, dynamics, control and real-time and
embedded systems. Papers usually present a
theoretical part describing control methods, visual
features and models and show results obtained by
field experiments or by simulation.

This example is relevant because formal proof are
very difficult if not impossible in many if not most
cases, as a consequence experimental work is
necessary to assess the potential of different
approaches to control. When dealing with this
topic theoretical 'enunciates' must in many cases
be based on experimental proofs.

Here below we list a number of requisite
necessary for experiment replication (and
performance comparison).

Assumptions

For a visual servoing systems there typical which
must be detailed. A non exhaustive list is given
here:

«  the visual features

« scene 3D model

+ the kinematics model of the robot.

+ dynamics model of the robot.
Plus the list related to image processing:

« background characteristics (homogeneous

or if not color and luminance distributions)

« lighting conditions

« robustness to outliers in feature detection

« others inherent to real life experimentation.

Performance criteria

Generally speaking these criteria measure the
convergence of the system to a predefined goal.
Non exhaustive list:
+ the time of convergence
+ the trajectories of the visual features in the
image plane



« the 3D trajectory of the robot
+ computation time
+ positioning error after convergence.

A special attention must be paid to stability and
robustness against image noise, the errors in the
models (object, camera, robot), and the control
parameters.

Measured characteristics

An unequivocal procedure to derive the
quantitative aspects of the system must be given.
For example visual features can be directly
obtained from the video camera.

For manipulators what is directly measurable are
the generalized joint angles while the end effector
3D trajectory must be estimated by the (direct)
kinematic model.

Calibration procedures for the robot relevant
characteristics and camera must be described.

In experiments the visual features (at least) must
be variated and the variation policy documented.

Implementation Information

The information given above don't allow by
themselves the replication of results.

There more data needs than in other kind of
papers:

«  Visual servoing system configuration
environment (either real or simulation)
should be described in detail: in-hand vs.
external camera, etc.

« model and control parameters

+ Ground truth for robot positioning and the
environment

« Technical specification of the hardware
platform

« Technical specifications of the camera
(model, frame rate, resolution, etc.).

«  Computer specifications (at  least,
processor and amount of memory, o.s.,
relevant configuration details)

+ sw libraries (they should be available at
least as linkable components) list and

configuration
Probably the adoption of widely known sw
libraries like ViSP, VXL, OpenCV may ease
replication.

Parameter and variable distribution

Statistical distributions of all relevant parameter
must be given (as in an open ended stochastic
environment results will have a probabilistic
formulation). This is by the way quite common in
clinical research.

Detailed list of findings

The list of findings in the discussion/conclusion
section should be against a detailed list of criteria
within a detailed list of conditions as recalled
above
For example better convergence speed, robustness
/weakness against certain parameters, behavior
with respect to current technology visual servoing
systems:
« visual features moving of the field of view
« workspace and singularity issues
The findings listed in a paper might be negative:
the given algorithm in our test conditions fail
under the listed set of conditions with respect to
the listed series of criteria.

V. CONCLUSIONS AND FUTURE WORK

Robotics research deals, at least, with two
different set of challenges: the reverse engineering
of intelligent systems with can observe in nature
and the development of new 'intelligent/cognitive'
machines to cope with human needs. No doubts
the first must be regarded as a scientific domain:
to a certain extent it might be seen as a biology
sub field. The second one define robotics as an
engineering discipline. Even the second set of
objectives requires to define an appropriate
scientific methodology as 'modern engineering' is
characterized by scientific methodology. It is



in both these situations the
epistemological model based on 'context'
discussed above for biology and extended to
robotics may provide a working framework.

There are implication of the reporting process.

We may think of theoretical/concept papers,
proof of concept papers, and experimental papers ,
as we have started to define here, as steps in a
research idea 'life-cycle'. We believe that more
paper of the 'experimental' kind would greatly help
the research activities in robotics and the industrial
exploitation of the results.

Moreover we envision a new kind of
replicable/reproducible ‘papers’.

A ‘replicable’ report should (at least?) include:

1) “‘description’ : a journal paper text+figures+
multimedia ....according to GEM Guidelines (or
similar)

2) Data sets (similar to IJRR ‘Data paper’)

3) Complete ‘code’ identifiers and or
downloadable code (executables may be enough)

4) ‘HW’ description or HW identifier (if it is
identifiable)
To fill all this information is impossible in a
journal printout, but it is quite easy in a web 2.0
publishing facility.
We believe that in the future we should deploy
such kind of reporting processes, going beyond the
traditional journal ‘format’.

thought that
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