Achieving Interaction Fluidity in a Wizard-of-Oz Robotic System:
A Prototype for Fluid Error-Correction

Carlos Baptista De Lima
c.v.baptistadelima@swansea.ac.uk
Swansea University
Swansea, United Kingdom

Patrick Holthaus
p-holthaus@herts.ac.uk
University of Hertfordshire
Hatfield, United Kingdom

Abstract

Achieving truly fluid interaction with robots with speech interfaces
remains a hard problem, and the experience of current Human-
Robot Interaction (HRI) remains laboured and frustrating. Some of
the barriers to fluid interaction stem from a lack of a suitable devel-
opment platform for HRI for improving interaction, even in robotic
Wizard-of-Oz (WoZ) modes of operation used for data collection
and prototyping. Based on previous systems, we propose the prop-
erties of interruptibility and correction (IaC), pollability, latency
measurement and optimisation and time-accurate reproducibility
of actions from logging data as key criteria for a fluid WoZ system
to support fluid error correction. We finish by presenting a Virtual
Reality (VR) HRI simulation environment for mobile manipulators
which meets these criteria.

CCS Concepts

« Human-centered computing — HCI theory, concepts and
models; « Computing methodologies — Robotic planning; «
Computer systems organization — External interfaces for
robotics.
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1 Introduction

The challenge of achieving fluid interaction remains prevalent
within the field of human-robot interaction (HRI). Despite advances
in robot vision, motion, manipulation and automatic speech recog-
nition, state-of-the-art HRI is frequently slow, laboured, and fragile.
Improving the feeling of fluidity is a difficult task to achieve, with
a variety of challenges from the robot control algorithms to the
physical constraints of the robots [1, 8, 9].

While fluidity has not been formally defined, it is felt by hu-
mans [9]. We define fluidity and fluid interaction as the ability to
seamlessly transition in turn-taking to allow appropriate overlap of
turns between agents, including multimodally, and to allow action
using prediction. For example, in human-human pick-and-place
situations, an instruction like “put the remote on the table" with a
repair like “no, the left-hand table" typically has no delay in reacting
to the initial instruction, and adaptation to the correction is instant.
Fluid interaction for robots consists of more seamless, human-like
transitions from processing speech to taking physical actions with
no delays, permitting appropriate overlap between the two, and
the ability to repair actions in real time as humans do [5].

While there has been some work on incremental processing
for increasing the fluidity of HRI [1, 9], to allow for the develop-
ment of control algorithms by data-driven means, Wizard-of-Oz
(WoZ) interactions, where an experimental confederate “‘Wizard’
tele-operates a robot out of view of the user, are required. However,
it is not clear to what extent current WoZ systems are capable of
achieving and recording data for developing fluid HRI, nor which
properties are required to achieve this.

After more precisely motivating our work and setting the con-
tribution in context, we identify some core criteria of Wizard-of-
Oz systems needed for interactive fluidity, briefly review existing
WoZ-enabled robots and associated HRI experiments, specifically
focusing on how they do or do not meet these criteria. We then
present a prototype system in a VR environment which meets them.

2 Motivation & Related Work

Riek [11] provides a systematic review of 54 WoZ experiments pub-
lished in the primary HRI publication venues from 2001-2011. They
observed that research mainly used WoZ systems for simulating the
natural language processing and non-verbal action functionality
of systems (72.2% and 48.1% of papers, respectively). They found
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Table 1: An overview of existing HRI WoZ systems and their properties necessary for fluidity. Keys for the different interaction
types: C = Controller, M = Mouse, K = Keyboard, P = Pen & Paper, H = Haptic/Touch, G = Gesture, T = Tablet Wizarding, S =
Speech X = evidenced, ? = Mentioned category but not clearly discussed, - = Not Mentioned
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3] Pepper Social Robot VR H M+K Dashboard screen GUI - - - 45ms
71 UR10 Manipulator Arm RR P K Command-line interface X X - -
[12] Pepper Social Robot RR ? M+K Dashboard screen GUI X
[14] CityBot Mobile Car VR M+K+C G+S Dashboard screen GUI - X X
[13] Citybot Mobile Car RR S M Dashboard screen GUI ? - -
[17] Pepper Social Robot RR S+G M Dashboard screen GUI + Live Camera Feed - - - -
2] xArm 7 Manipulator Robot RR - C Dashboard screen GUI X - - X
[22] Luxai QT robot Social robot RR P T Dashboard screen GUI
[21] Luxai QT robot Social robot RR P T Dashboard screen GUI
[6] Tiago++ Mobile Manipulator RR S M+K Dashboard screen GUI + Live Camera Feed
[20] Multiple Social Robots RR - - -
[18] ResolutionBot Social Robot RR H+S C+M+K Dashboard screen GUI + Live Camera Feed - - - ?
[15] UR10 Manipulator Arm RR S+T M+K
[19] Nao Robot Social Robot RR s 2

that Wizards also performed a significant amount of navigation and
mobility tasks (29.6% of papers) while manipulation-based tasks
were rarely employed (3.9% of papers). The author hypothesises
this is largely due to the difficulty of fully automating speech-based
systems as well as maintaining effective tracking. Two themes that
occur throughout the reviewed papers are the concern of accurately
representing the natural delay that robots have within the Wizarded
systems, and accounting for errors from the Wizard, intentional or
otherwise. Both themes are important when considering fluidity
and the potential for repairing ongoing actions.

One shortcoming of most current WoZ systems is that they tend
to employ custom Graphical User Interfaces (GUISs) fit only for their
specific problem with a finite set of potential actions [10]. The GUIs
themselves can often lead to creating additional latency between
a user’s command and the execution of the action, as found by
Runzheimer et al [14].

2.1 Defining Criteria for Fluid Interaction

Based on the authors’ direct experiences of designing in-robot inter-
action control algorithms and an initial literature search, we posit
the following criteria for WoZ systems to be capable of fluid inter-
action with users: Interruptibility and correction (IaC), Pollability,
Latency measurement and optimisation, and Reproducibility of action
timings, which are explained below.

Interruptibility and correction: is the ability of the Wizard
to either change and update the current ongoing action of a robot
to a new one, or to cancel all ongoing actions. As robots are not
guaranteed to deliver perfect processing, the ability to correct the
robot partway through is important for building a robust robot that
people can use in real-world contexts. Additionally it is important
to have a method to cancel all ongoing actions for safety reasons.
In fact, safety features in personal care robots are mandatory.1 By
delivering in these aspects, we can assure that we can confidently
repair any incorrect actions, including those made by the wizard.

Pollability: refers to the definition described by Aylett and
Romeo, who define something pollable as needing to know “what
state the system is in and what it has done at any point in time” [4].
While their case focuses on speech-based robots, we widen pollabil-
ity to the progress of completion of any action type. For example,

Thttps://www.iso.org/standard/53820.html

if a robot like Niryo? is used to pick and place items, the system
should be pollable such that the Wizard is able to discern how
far it has progressed towards completing a pick or place action at
any given time, and can therefore make an optimal decision about
subsequent actions, including repairing or cancelling.

Latency Measurement and Optimisation: is the need for
latency to be a central design concern. For effective and fluid in-
teractions, latency must be accounted for and minimised, as even
small latencies, when compounded in different parts of the system,
can lead to noticeable delays.

Reproducibility of Action Timings: is a WoZ system’s ability
to replicate how users interacted with the robot after an interaction
with high timing accuracy. One of the main reasons this is important
is data collection for improved future interaction — the data gathered
by accurately logging a user’s actions can be either analysed, or
used to train autonomous functions in the same robot and improve
user experience in terms of responsiveness.

2.2 Review of Existing Systems

In an update to [11]’s review, we analyse the extent to which state-
of-the-art WoZ systems exhibit these 4 criteria, we conducted a
literature review of recent work on WoZ systems, which resulted in
14 papers, the full results of which will be published in a follow-up
paper.® Additional classifications for each system were made for
Wizard and User modes of interaction, and whether the system was
Virtual or Real. The results can be found in Table 1 and are described
below:

Virtual or Real: We found the majority of studies describe
WoZ systems for controlling real-world robots. [14] implemented a

Zhttps://niryo.com/
3The inclusion criteria which define our scope were:

o The term ‘robot’ or a reference to the type of robot was referenced in either
the title or the abstract.
Papers that had at least one reported study using a Wizard-of-Oz system.
Papers were classified as a study and not a report, book chapter or abstract.
The paper was peer-reviewed and accepted for publication.
Papers were included if the Wizarded systems involved real robots or virtual
simulations of the robot.

Exclusion criteria were:
o Papers that focused on virtual agents without a real-world robotic equivalent
instead of robots.
e Papers which were not available through the university services.
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simulation of the CityBot and three scenes in Unity* with the user
wearing the Meta Quest 2 headset.’ Despite the benefits of a VR
simulation, the challenges of achieving fidelity to the real-world
robot and environment constitute significant software design and
engineering overhead, which are possible reasons for the relative
lack of VR HRI systems despite their benefits.

Wizard and User Modes of Interaction: There is no uniform
method of designing the Wizard and User modes of interaction. For
the Wizard, the use of a mouse and keyboard was the most popular
mode of control, with most interfaces using a GUI dashboard with
various buttons and keyboard shortcuts to execute pre-defined
actions. In many cases it was not clear whether these interfaces
displayed the robot’s visual stream to the Wizard, or another view,
such as an omniscient or third-party observation point. In many
cases, it was not made clear if any action could be interrupted,
cancelled, or even tracked in terms of its progression. The user
interaction modes vary from haptic, to tablets to speech, depending
on the affordances of the robot.

Interruptibility and Correction: If the WoZ system was re-
ported to be able to repair current actions or cancel existing actions,
it was considered to have the IaC property. Only two papers clearly
achieved this. [7] stated that their system had an “interrupt node”
which allowed the Wizard to send a signal causing the robot to
withdraw a safe distance to avoid a collision with the participant. It
is also noted that their system had an “override command" used to
disable any running actions. The authors do not specifically men-
tion whether the interrupt node could also be used to update the
existing action.

Pollability: Only one paper [7] on a proposed system explicitly
dealt with pollability being a core part of the system via their ‘ro-
bot_feedback’ publisher which was displayed back to the user. The
authors specify that the 3 states they defined were ‘Nod’, ‘Observe’
and ‘Pose’ and note that the Wizard could choose and control these
states. However, it was unclear how the Wizard was confident in
knowing how close the robot was to completing a task, or any
granular information on task progress.

Latency: Only three studies mention and discuss latency. [14]
discusses how their Wizard interface was complicated and difficult
to use, increasing the latency between a user’s request and the
robot commencing the action. In particular, their interface was
too cumbersome for just an individual Wizard to manage alone.
Their Ul contained a series of buttons, sliders and input fields for
scene changes, alongside having separate MIDI controllers for audio
responses. Despite the Wizard being trained and having to become
familiar with the system, the management of all the various controls
led to delays between the commands of the participant and the
wizard; especially in scenarios where the wizard did not expect an
interjection from the participant leading to not so fluid interaction.

Reproducibility of Action Timings: Only two examples of a
reproducible system for timings of action were found. [14] recorded
the views and audio of both the user and the Wizard - data which
was then downloadable and viewable. One particular issue they
came across with their setup was that they found it impossible
to effectively synchronise the various streams due to the streams

“https://unity.com/
Shttps://www.meta.com/gb/quest/products/quest-2/
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coming from different sources with a variety of different settings
and corrupted streams, due to their complex setup.

3 Virtual Reality HRI Platform Prototype

As discussed above, no existing system we reviewed meets our
criteria fully, with limitations ranging from high latency to over-
complexity of Wizard interfaces. We have developed a test-bed WoZ
system which adequately satisfies the criteria in ways which we
explain below. While applicable to a variety of robots, this system
uses the mobile manipulator “Fetch” robot®, controlled by speech
commands by a user in the same space.’

The system architecture is shown in Figure 1. The ROS and
Gazebo®-powered Robot and Environment Simulator is housed in a
Docker container, which sends ROS messages to the Unity-based
Visualizer. The movement and planning for our Fetch model is im-
plemented by the ROS-based ‘Movelt’® framework. The Visualizer,
which is continuously listening for ROS messages to immediately
update the relevant objects’ position, provides synchronous, sep-
arate User and Wizard views of the scene. The user accesses the
environment using a VR headset and hand-held controllers, while
the Wizard has a separate screen to control the robot using mouse
clicks. Once the Wizard has clicked on the environment for Fetch to
complete a navigation or pick-and-place action, a ROS message is
sent to our Python-based Action Control and Logging module. This
control module sends the request to initiate the action back to the
Robot and Environment Simulator for execution.

To be able to receive ROS messages in Unity, we use a ROS-
TCP connector!'? and to receive ROS messages back from Unity
we use a ROS-TCP-Connector package in the Docker container!!.
To keep the robot visualisation consistent, we use the Fetch UDRF
descriptor file and meshes and import the robot model into the
Unity environment using the UDRF-Importer package!?.

Wizard Interface: The Wizard sees the simulated robot camera
feed on the Fetch model from the Visualizer and has full continu-
ous audio access to the User’s microphone. Responding as fast as
possible to user commands, the Wizard mouse-clicks on a target
destination for moving and selecting objects and destinations. Once
this is registered, a ROS message is sent to our control module. Vi-
sualisations signal the Wizard’s current target location (red cone),
target object (green highlight) and/or object destination (blue spot
on surface). There is a simple dashboard with a ‘Cancel all actions’
button and a message area to signal illegal clicks.

User Interaction: The user wears a VR headset displaying the
Unity Scenes and a microphone to interact with the (Wizarded)
robot via speech. They also have limited movement capabilities
through the use of hand-held controllers to navigate the environ-
ment.!3 All sensor data is sent to the control and logging module.

®https://www.zebra.com/us/en/products/autonomous-mobile-robots.html

"The toolkit source code is available at https://github.com/fluidity-project/fluidity-hri/
and a demo video of the system’s correction behaviour is at https://fluidity-project.
github.io/media/HRIErrors.mp4

Shttps://gazebosim.org/

https://moveit.ai/

WOhttps://github.com/Unity-Technologies/ROS-TCP-Connector
Uhttps://github.com/Unity- Technologies/ROS-TCP-Endpoint
2https://github.com/Unity- Technologies/URDF-Importer

3 All Unity-compatible hardware can be used. We use the Meta Quest 3 VR headset
and Meta Quest Touch Plus - https://www.meta.com/gb/quest/quest-3/
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Figure 1: A diagram showing the system architecture of the proposed VR-HRI system. Hardware interfaces are blue boxes,

processors are yellow, and data types are green.
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Logging data: In addition to the audio feed from the user’s
microphone being recorded, all the following data is logged and
timestamped in a JSON format (with timestamps and an ID tag):
1) Wizard actions: time-stamped vectors of mouse clicks. 2) The
robot’s state: position of its base and joint state. 3) Interactable
objects within the space: positions and rotations. 4) The user’s
view: position of the camera in the Unity scene as controlled by the
VR headset. 5) User’s controller actions. In playback mode, log files
can be read in by the system to simulate the interaction.

3.1 Discussion: Meeting of Fluidity Criteria

While the immediate next step in our future work is evaluating the
system with real users, here we discuss how our VR WoZ prototypes
meets our criteria identified in 2.1.

Interruptibility and Correction is met in our system by 1)
Goal update functionality, which allows the Wizard to update the
current action of the robot by a simple override with a button click
on a new location or object; 2) The cancel button, which allows us
to revoke all current goals to stop the robot from completing any
remaining actions and come to a default state as quickly as possible,
modulo deceleration.

Pollability is met as the Wizard can directly see the progress of
the action through their view, and the data log records the state of
the robot during any given action.

Latency Measurement and Optimization is achieved by using
ROS nodes which tether the robot simulation to both User and
Wizard views. The system can also attribute its overall latency to
its various causes: 1) The delay from the user requesting an action
via speech to the Wizard initiating that action. 2) The delay from

the Wizard’s perception of the action request to the action starting.
3) The delay from the action starting to the user perceiving the
start of that action. 4) The delay from interrupting or repairing any
given action. For minimising 1) and 3) we allow full access to the
audio stream in the Wizard’s interface and continuous visual access
to the synchronous Unity views. We minimise 2) by experimenting
with different automatic recovery behaviours from the Fetch Movelt
package, which are shown to have a large effect on user perceptions
of the robot’s abilities [16], here making them less conservative to
lower the latency of task execution. For 4), fluid repair is achieved
by the Wizard being able to select new target destinations and
objects during ongoing motion, similar to [1].

Reproducibility is achieved by the accurate time-stamped log-
ging of the data described above. While this data does not exhaus-
tively include all visual information, full reconstruction of the User
and Wizard behaviour and the changing states of the environment
is possible, as are real-time User, Wizard and third-party views.

4 Conclusion and Future Work

Based on requirements for fluid HRI for WoZ-controlled robots,
we have presented a prototype VR platform which allows for the
functional properties of Interruptibility and correction, pollability,
latency measurement and optimisation, and reproducibility of ac-
tion timings. Our toolkit is generalizable beyond the Fetch robot
to any ROS-based simulation and Unity environment, allowing
customizable worlds and robots. In future work, we will run a user
study exploring how effective the system is in facilitating fluid inter-
actions both in WoZ mode and in autonomous mode experiments
with systems trained on the WoZ-collected data.
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