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Abstract

Studies in human-robot interaction (HRI) typically involve computational ar-
tifacts, i.e. the robotic system, as the subject of investigation. Thus, the re-
producibility of any result in HRI studies directly relates to the reproducibility
of this computational artifact in the first place. This has certain consequences
for appropriate workflows that will be discussed in this chapter. We argue for
a higher awareness, improved standards, and further automation of tool chains
used to conduct robotic experiments. We identify this as a research topic in its
own right, especially in cases where robotic systems are used in interdisciplinary
research. This inherently includes that technically complex robotic experiments
should also be reproducible by scientists with a non-technical background. We
analyze and discuss a dedicated study by the CITEC Central Lab Facilities and
an international team demonstrating that it is possible to replicate a relatively
complex HRI experiment in two different laboratories across the globe by a
research assistant with no experience in robotics at all.
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10.1 Introduction
The Central Lab Facilities (CLF) group of the Excellence Cluster Cognitive
Interaction Technology (CITEC) at Bielefeld University aims to develop and
improve technology, workflows, and tool chains for building as well as experi-
menting with interactive intelligent systems [1, 2, 3, 4, 5]. An important ap-
plication and research field is human-robot interaction (HRI), which requires
sophisticated robotic research platforms that include many software and hard-
ware challenges besides the core areas of perception, behavior generation, and
interaction design. Thus, research in HRI is a highly interdisciplinary endeavor.
It aims to model the physical as well as mental dynamics between a human
and a robot in a communicative or cooperative situation. It builds upon con-
cepts and ideas from the area of human-human interaction in order to make
the human-robot interface as smooth and intuitive as possible. Dealing with
physically embodied agents, this includes many engineering issues towards flex-
ible and save movements, many issues from machine perception, e.g. recogniz-
ing the interaction partner, many issues from artificial intelligence towards an
interpretable and goal-oriented behavior of the robot, as well as many issues
explored by the social sciences (psychology, linguistics, cognitive science, etc.)
in order to understand associations, attributions, and expectations that humans
have when interacting with a robot. Last but not least, any experiment with
an autonomous robot includes many system engineering challenges including
significant complexity issues on the software side which are frequently under-
estimated. Although there has been considerable progress in robot technology
including available robotic standard platforms (e.g. iCub, Softbank’s Nao and
Pepper, Toyota’s HSR), software frameworks [6, 7, 8, 9], and benchmarking
activities [10, 11, 12, 13], the theoretical and practical foundations for experi-
mental replicability of experiments in robotics is still in its infancy [14]. In this
regard, Bonsignorio et al., e.g., states that ‘even determining the information
required to enable replication of results has been subject of extensive discussion’
[14].

In this chapter, we argue for a higher awareness, improved standards, and
further automation of tool chains used to conduct robotic experiments. We
identify this as a research topic in its own right, especially in cases where robotic
systems are used in interdisciplinary research. This inherently includes the fact
that technically complex robotic experiments should also be reproducible by
scientists with a non-technical background. While this goes beyond the goals
of Conquaire to reproduce the analytical part of an experiment only, in human-
robotic interaction studies the replication of the technical settings is essential
to understand the experimental results. The other Conquaire studies mostly
deal with computational workflows and tools that are applied to datasets after
these have been recorded in an experiment. Because most studies in, e.g., the
natural sciences deal with ’natural’ phenomena – i.e. they are not produced
by an artificial artifact – the dataset can be interpreted with regard to this
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phenomenon at any place in the world. This is not the case for experiments
including robots. The dataset can only be interpreted with regard to the specific
artifacts used in the experiment. As a consequence, the reproducibility of an
experiment and the validity of the data must include the possibility to reproduce
also the robotic system and its behavior in the study.

In the following, we report our experiences and lessons learned in analysing
a replication study conducted by the Central Lab Facilities involving a human-
robot interaction (HRI) experiment in Bielefeld and at a partner site of the DFG
Excellence Cluster CITEC within the DAAD Thematic Network Interactive
Intelligent Systems. The study investigates an extended version of Stenzel et
al.’s ‘Joint Simon effects for non-human co-actors’ [15], in two labs in different
institutions and continents. In psychology, the Joint Simon effect is used to
investigate to what extent people mentally represent their own and other agent’s
actions in a joint task. This leads to delayed decision effects when a human is
prompted with stimuli that are spatially incompatible with the roles in a team.
The effect disappears when people think that they interact with a non-biological,
technical artifact. Thus, it is an open question to which degree humanoid robots
are perceived as social agents or team mates and if this can be shown using the
Joint Simon effect (see Sec. 10.2.1 for more details).

To this end, the CLF researchers applied a novel software tool chain and
methodology that implements state-of-the-art techniques with the objective of
facilitating reproducibility in robotics research. The experiment was designed in
cooperation between Bielefeld University and Indiana University Bloomington
by a team of interdisciplinary scientists originating from psychology & brain
sciences, informatics and robotics. The team initially conducted the study in
Bielefeld before a replication attempt in Indiana was conducted. In this context,
they specifically chose the following constraints in order to impose the same
restrictions and obstacles encountered in ‘regular’ replication attempts:

1. The experiment must be replicated by a staff member who is not part of
the research project.

2. The only starting point for replication is an online manual explaining our
approach and the literature references therein.

3. Assistance from Bielefeld is only provided in otherwise irresolvable situa-
tions.

A replication of this experiment at different sites is an interesting case study
from two different points of view. On the one hand, it is interesting to inves-
tigate whether there are cultural factors that affect the results. On the other
hand, the setup includes a behavioral study with a robotic platform (the NAO
robot), which is programmed to physically press a button where timing matters.
Thus, from the perspective of reproducibility and the lessons learned from the
Conquaire project, there are the following research questions: (H1) Is the tool
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chain and methodology been suitable to represent all aspects required for suc-
cessful replication? (H2) What can we learn about reproducibility in general
with respect to unexpected technical obstacles or situations one did not antic-
ipate? (H3) Can the second study cross-validate the results obtained in the
original Bielefeld study?

10.2 Experimental Settings and Methods
The following part of this contribution will cover the replication approach and
the lessons learned. Important parts of the study and tool chain have been
published previously [16, 17]. A final evaluation of the second study is still on-
going work. First, we will shortly introduce the theoretical background of the
experiment. Then, we present the procedure and methods, and finally discuss
our findings.

10.2.1 The JSE Experiment
The study was designed out to reproduce a variant [18] of a well-documented
psychological effect, the Joint Simon Effect (JSE) [15]. The JSE describes a
difference in reaction time depending on identity (compatibility) or disparity
(incompatibility) of a stimulus’ and the co-actors’ spatial position in relation to
the participant during a shared go/no-go task. The team aimed at reproduc-
ing this effect with a robot as co-actor as described in [18] and adopted the
stimuli and procedure attributes. The original experiment was extended with
a robot position condition to additionally test the influence of the robot’s spa-
tial relation to the human subject. While more detailed information about the
JSE experiment can be found in the paper by Dolk et al. [18], we will briefly
describe the experiment setup variant used in the particular study described in
this chapter. Due to its wide distribution and availability, the team used the
humanoid robot NAO as the participant’s co-actor (Figure 10.1). The robot
kneels next to the test subject on a table or chair. The barycenter of the robot
is approximately at elbow height of a sitting subject.

The participant and the robot each have their own keyboard of identical
type. The keyboards are directly adjacent and on the same level. During the
experiment, stimuli, e.g. a square and a diamond, are displayed on a screen at
randomized positions and in randomized order. Based on the initial assignment,
either the robot or the human have to press the space-bar key as soon as the
assigned stimulus appears. The corresponding reaction times (RT) of the human
co-actor are measured.

In Bielefeld, the team tested 47 subjects from the nearby campus (M age =
24.61 years, SD age = 4.01 years). Each run consisted of 512 trials with short
breaks per 128 trials and took approximately 30 minutes. The findings were
similar to those found by Stenzel et al., the experiment showed a significant
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main effect of compatibility when analyzing the response times (RT), F(1,48)
= 11.639, p < 0.001, partial η2 = .43, indicating shorter RTs in compatible (423
ms) compared to incompatible trials (434 ms), which confirms the presence of an
overall JSE. The team did not find a significant interaction between compatibility
and robot position.

The data of the experiment were logged within the software tool jsPsych
[19] that controlled the prompting, triggered the execution of robot movements,
and recorded the reactions of the human participants (execution protocol of the
experiment including timing events for prompting and robot, spatial configura-
tion of prompts, etc.). The data is stored as comma-separated-value files which
are preprocessed with documented shell commands and python scripts. Data
analysis was conducted with SPSS1 or R2 tools.

10.2.2 Replication in Indiana
In order to reproduce the experiment in Indiana, under consideration of the
demands and requirements in the current literature and the issues presented in
section 10.1, there are two core issues to be solved:

1. A systemic solution for deployment, configuration, and integration of all
necessary software artifacts.

2. A structured methodological ‘how-to’ for setup and execution considering
user groups and tools from other disciplines, here, psychology.

This should not come as overhead for the replication of an experiment. It
is essential that the replication tool chain is already in place and used when
the first experiment is developed and conducted. Thus, the replicability of an
experiment including software-intensive systems as core components has to be
planned already when setting up the original experiment.

The replication tool chain

In order to address the above issues, the research team developed a software
tool chain that has been explicitly designed to foster reproducibility of software
intensive experiments in robotics — the Cognitive Interaction Toolkit (CITK) 3.
More detailed technical information is provided by Lier et al. [1, 2]. The re-
quirement to support disciplinary tools to design and run experiments will be
additionally covered by jsPsych [19].

At its core, the CITK provides a template-based “artifact-description” repos-
itory in order to pool and aggregate all required artifacts of a robotics experi-
ment (cf. 10.2). There are basically two types of descriptions. The first is called

1https://www.ibm.com/de-de/products/spss-statistics
2https://www.r-project.org/
3https://toolkit.cit-ec.uni-bielefeld.de
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recipe: it defines required system artifacts, e.g, software components, download-
able data sets, or system configuration files. Templates for new types of artifacts
can be added on-the-fly by developers. With regard to pure software aspects,
the existing set of templates contains macros for the most common build tools
like autotools, maven, CMake, and ROS/catkin4, enabling native builds of var-
ious kinds of software. These macros also help to remove redundancy and keep
the recipes clean and well-structured. The second type is called distribution. A
distribution is a composition of a number of arbitrary recipes and hence deter-
mines an entire system. Distributions, as well as recipes, mandatorily reference
versions, e.g., tags, branches, or commit hashes of an artifact, such that a dis-
tribution reflects a fixed description of a system. Recipe and distribution files
are publicly available in our Git-repository5. Another core-component is a pre-
packaged, i.e, download and run it, no configuration required, CI server. It is
utilized to compile, deploy, and run entire software systems defined in distribu-
tion files. The server provides a web front-end that can be accessed via a browser
for ease of use. In order to deploy and run a system, the CITK implements a
generator-based approach. A so-called build-job-configurator tool automatically
creates all required build-jobs (for every recipe in a distribution) on the server.
A user merely selects the desired distribution file. Moreover, it is also possible to
connect a physical robot to the machine that runs the CI server in order to con-
trol/actuate it. Lastly, our approach also provides a framework to automatically
bring up (statefull execution), stop, and introspect a robotics software system.
Executing a system merely requires to select and activate a designated build-job
in the web front-end. Data that is acquired/logged during each system run is
also stored on the server and accessible via web browser. By utilizing this part
of our structured CITK approach, the team could ensure technical reproducibil-
ity of all required artifacts and also repeatable experiment execution regarding
the software side of an experiment. An exemplary CITK tool chain demonstra-
tion video can be watched here: https://vimeo.com/205541757 With respect
to experiment design and orchestration, the study additionally made use of a
framework called jsPsych. jsPsych is a JavaScript library for creating behav-
ioral experiments in a web browser. It provides a description of the experiment
structure in the form of a time line. It handles which trial to run next and stor-
ing the obtained data. jsPsych uses plugins to define what to execute at each
point on the time line. The functionality of jsPsych was extended in order to i)
trigger an experiment run on the CI server and ii) execute experiment-specific
behaviors of the NAO/Pepper robots, e.g, based on the current state of the time
line in jsPsych. Detailed information about jsPsych can be found in [19].

4http://wiki.ros.org/catkin/conceptual_overview
5https://opensource.cit-ec.de/projects/citk
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The replication experiment

Due to the fact that the entire software system was already modeled using the
CITK for the Bielefeld study 6, no additional work, besides the translation from
German to English, e.g, in the jsPsych time-line slides was required. Hence,
the software part including robot movement control interfaces, calibration pro-
cedures, and jsPsych experiment orchestration was already at hand. Since there
was no prior knowledge about the (scientific) background of the staff mem-
ber who would eventually replicate the experiment in Indiana, the team im-
plemented a generic GUI-based application for all crucial technical steps with
respect to the robot hardware, e.g, the calibration procedures. Finally, a de-
tailed instruction was compiled on a public GitHub page (final version 7). This
online manual included the following steps:

1. Introduction

2. Hardware Requirements and Prerequisites

3. Software Requirements and Prerequisites

4. Physical Experiment Setup

5. Subjects

6. Executing the Experiment

7. Results

8. Literature

In summary, the manual included the following content:

• a brief introduction to the research topic and study goals, plus references
to related literature,

• a specification of the required hardware, e.g, a NAO robot acquired within
2-3 years,

• a PC or laptop including CPU and RAM specifications including the size,
resolution and refresh rate of the utilized screens,

• a specification of the operating system requirements, i.e., Ubuntu Xenial
(16.04, 64 bit),

• an explanation of how to setup the physical experiment, such as height
and position of the robot, position of the keyboards, monitors, etc., and

6http://www.webcitation.org/6xlwomECk
7https://Git.io/vAxml
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• a brief explanation of the network setup.

Moreover, the document included detailed instructions about the installation
and usage of the CITK in order to deploy the software system, calibrate the
robot, and run the experiment. The instructions also provided information
about the subjects, the welcome and actual experiment procedure. Lastly, it
was explained how to obtain and inspect the gathered data. So far, the doc-
umentation included detailed information with respect to technical (soft- and
hardware), as well as methodological/procedural aspects, to reproduce the study
as it was conducted in Bielefeld. The team also established a communication
channel via instant messaging using Slack. The channel was intended to pro-
vide ‘emergency support’, but only in case of an otherwise irresolvable situation.
Hence, the chat history could also be exploited for post-experiment analysis, if
required.
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Figure 10.1: Top left: The NAO JSE setup used in one of our Bielefeld setups;
Top right: NAO keypress pose; Bottom: Screenshot of the robot
calibration GUI

137



10 Reproducibility in Human-Robot Interaction Research: A Case Study

Figure 10.2: Toolchain for the replication of robotics experiments: An exper-
iment for which the associated computational artifacts are docu-
mented in a browsable online catalog which is linked to the cor-
responding repositories. From here a researcher is instructed to
automatically roll out the system distribution using a continuous
integration server which is linked to the robot platform as well as
the computer controlling the behavioral experiment using JsPsych.
Left: Overview of the toolchain, Right: Screenshot of the CI server
web front-end. Each row corresponds to a recipe that has been
translated into a build job. Build jobs can be activated by select-
ing the most right icon (stopwatch). Execution of an experiment
can also be triggered using this front-end.
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10.3 Analytical Reproducibility: Results &
Lessons Learned

We report on the lessons learned in a time line based manner. Depending on the
reader’s background, either in computer science or the humanities for instance,
some of the reported obstacles may appear ’trivial’. However, we claim that it
is crucial to raise awareness for false assumptions made by domain experts, e.g.,
with regard to common knowledge about specific technological or methodologi-
cal aspects of an experiment, which are by far not so obvious/common for others
outside their domain. Furthermore, we would like to point out that the reported
observations are based on a practical interdisciplinary replication attempt, which
is especially valuable in order to learn about all the different characteristics and
challenges concerning replicability of robotics systems.

The replication attempt of this JSE experiment was conducted by a research
assistant (RA) with a background in psychology. With respect to interdisci-
plinary research this was, on the one hand, an almost ideal scenario, on the
other hand however, a technically-challenging one as well.

10.3.1 Technical Obstacles & Procedural Issues
The following issues were reported during the replication study in Indiana. The
research assistant started with a plain laptop. Thus, the first issue was reported
shortly after the study officially started. Even though the deployment of the
required software components (using the CITK) was successful on first attempt,
the RA faced a couple of issues with the installation routine of Ubuntu. The
team in Bielefeld could resolve these issues by pointing the RA to the correct
Ubuntu documentation. The second technical issue was reported a few days
later. The operating system as well as the robot software environment were al-
ready installed successfully. Nonetheless, during the required robot calibration
procedure, a connection to the robot could not be established via local network.
The team in Bielefeld resolved this issue by instantly updating the online man-
ual for the network setup which is also hosted in the linked repositories. The
third issue was reported after a first test run of the experiment. So far, the
entire software system was deployed, the robot calibrated, and also the physical
experiment setup was in place. However, during the run, the RA noticed that
the translation of two single lines of text on a slide in the jsPsych time line was
missing. The team in Bielefeld could resolve this issue by correcting the error in
the code base and subsequently updating the Git repository. In Indiana, the RA
just had to re-trigger the corresponding build job, thus automatically installing
the updated version of the experiment. The fourth and last reported obstacle
occurred in an early stage of the actual experiment. Since the tool chain allows
to download and inspect already gathered data via web browser, the colleagues
in Indiana soon took a first look at intermediate results. They noticed that the
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distribution of the participants’ position with respect to the robot indicated a
strong preference towards only one side. The team in Bielefeld discovered that
the instructions provided for the experimenter in jsPsych, addressing the proce-
dure of subject positioning, were not as precise as they should have been. This
could be corrected by updating the description in the repository.

10.3.2 Results of the Pilot Study on Reproducibility in
HRI

At time of writing, the JSE experiment in Indiana has been finished; first results
show a weaker but observable Joint Simon effect. However, besides the obstacles
already discussed, there were several positive lessons learned. It is very difficult,
if not impossible, to foresee all pitfalls faced by the researcher replicating the
experiment. As a local solution or patch does not solve the issue in a consistent
manner, a flexible tool chain is required that allows for almost instant patching
and deployment of experiment artifacts. In this regard, the technical complexity
of the deployed robotic system (hard- and software) was completely hidden to
the research assistant (RA) in Indiana. The time required to setup the entire
software system was limited to a few hours, including the installation of an
operating system. Moreover, the acceptance threshold and usability of the CITK
tool chain appeared to be positive, given the fact that it was easily usable by
the RA. Also, the transition from design, implementation and execution of the
experiment in Bielefeld to the deployment in Indiana merely required sending
a link to an online manual. In a short post-experiment interview we asked the
RA for a self-assessment regarding the experience with Linux-based systems,
robotic hardware, robotic software, the Linux network stack, conducting HRI
experiments, and conducting psychology experiments. In summary, the RA was
reasonably experienced in conducting experiments in psychology and, having
used Linux before, knew a few basic Linux commands. Regarding the remaining
topics, the RA was an inexperienced user, i.e, had never operated a single robot
before.

10.4 Analysis of reproducibility experiment
In this section, we discuss lessons learned from our cross-site replication study
of a robotic study.

Reproducibility is decided at development time: We would like to stress
that without having the tool chain in place at the development and preparation
time of the study in Bielefeld, a replication study at Indiana would have been
extremely time consuming if not impossible. Thus, any tool chain used for
the replication of results should be established in the daily workflow of the
researchers understanding it as a development tool instead of a replication tool.
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Experimental protocols: Besides the technical requirements and issues in-
volved in replicating studies and their scientific results, it is also important to
neatly document the experimental protocol. Typically, this is solved by work-
flows, policies, and tools within the specific discipline without being integrated
in the technical framework of a robotic experiment. In the study reported, a
tool from psychology was integrated for experimental control. This is also a
prerequisite for a systematic logging of all experimental data. However, we can
observe in the study that the non-technical aspects of the experimental protocol
were not sufficiently described, which raised several questions when intermedi-
ate results were analysed and discussed. Thus, there is still an open issue to
more formally describe the experimental protocols.

Scientists with a non-technical background: An interdisciplinary field
like HRI involves experts from different backgrounds. Reproducibility should
not depend on having a robotic expert on-site. Even though the current ap-
proach demonstrated that it is possible, even by an inexperienced user, these
first obstacles were not even close to what a robotics engineer would consider
‘an obstacle’. On this account, we deem this lesson learned even more valu-
able. Furthermore, these kind of ‘low-level’ obstacles can be easily mitigated by
providing detailed beginner-level instructions.

Automated documentation roll-out: It appears extremely useful to be
able to quickly and dynamically alter instructions provided for replication at-
tempts if errors are reported/discovered. SCM-based repositories, not only for
source code, but also for this kind of manuals seem to be a well-applicable solu-
tion. Further, adding replication instructions to the corresponding source code
of a publication is not labor intensive at all.

Report intermediate results: The issues and obstacles discussed before
imply that it is important to automate the collection and evaluation of (also)
intermediate results to prevent subsequent failures, especially if data acquisition
is time-consuming. Thus, the requirement for an analytic reproducibility also
applies to intermediate results. In the case of the experiment considered here,
all preprocessing steps and scripts were precisely documented. Further, the ’R’-
toolbox can be used as an open source alternative to SPSS for the statistical
analysis of the data.

Open issues: Regarding the limitations of the approach presented, the tool-
box currently does not incorporate any standardized benchmark procedures for
more general HRI experiments. It does not provide any tool or template sup-
port for metrics (if existent/agreed-upon) with respect to comparability of HRI
systems. We are open for discussion and welcome contributions concerning this
topic.
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Final remarks: In this contribution we discussed and analyzed a dedicated
study on the replication of a reasonably complex HRI experiment in two different
laboratories across the globe without a) flying experts in and b) making a single
video/phone call — by a research assistant with a non-technical background and
no experience in robotics at all. We reported on the lessons learned during this
practical replication process.

10.5 Conclusion
This chapter has shown that it is possible to reproduce a robotic experiment
at different sites, reproducing the same effect. The chapter has presented a
workflow that provides end-to-end support for researchers wanting to repro-
duce a certain experiment. In this particular case, the workflow was based on
the CITK toolkit developed at CITEC. In the particular case, the experiment
involved a reproduction of the well-known Joint Simon effect known from psy-
chology research. Using the end-to-end experimental workflow described in this
chapter it was possible for a psychologist from Indiana University not expert in
robotics to reproduce an experiment originally carried out at Bielefeld Univer-
sity. We regard this as a clear success story of experimental reproducibility and
see this as a best practice of reproducibility.
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