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Acronyms and definitions

Acronym Meaning

HMI Human-machine interaction

HRI Human-robot interaction

Ul User interface

SU Sensor unit

ICP Iterative closest point

MCI Multimmodal communication interface

WER Word error rate

VAD Voice activity detection

SSD Speech segment detection
Abstract

In this deliverable we present research and development results obtained in
the task T5.6. More specifically, we present human-robot communication framework
with four developed communication channels. The channels are speech, pose
communication, as well as light-based robot response and glove tracking for robot tool
control. The developed technology was demonstrated in a laboratory environment for|
robot control in a collaborative bricklaying process. As a part of the implementation, a
robot-mounted sensor unit for communication was designed and assembled.

The deliverable contains introduction background and motivation for the
presented development. Further it contains presentation of the proposed framework,
where development of all coommunication channels is described, and implementation
is demonstrated. Consideration on implementation of a multimodal communication
case is also given. Finally, the conclusions and further steps for future research are
given.
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The HumanTech project

The European construction industry faces three major challenges: increase the safety
and wellbeing of its workforce, improve its productivity, and become greener, making
efficient use of resources.

To address these challenges, HumanTech proposes to develop human-centred cutting-
edge technologies such as wearables for workers' safety and support and robots that
can harmoniously coexist with human workers while contributing to the ecological
transition of the sector.

HumanTech aims to achieve major advances in cutting-edge technologies that will
enable a safe, rewarding, and digital work environment for a new generation of
highly skilled construction workers and engineers.

These advances will include:

e Robotic devices equipped with vision and intelligence that allow them to
navigate autonomously and safely in highly unstructured environments,
collaborate with humans and dynamically update a semantic digital twin of the
construction site in which they are.

e Smart, unobtrusive workers protection and support equipment. From
exoskeletons activated by body sensors for posture and strain to wearable
cameras and XR glasses that provide real-time workers' location and guidance for
them to perform their tasks efficiently and accurately.

e An entirely new breed of Dynamic Semantic Digital Twins (DSDTs) of
construction sites that simulate in detail the current state of a construction site
at the geometric and semantic level, based on an extended Building Information
Modelling (BIM) formulation that contains all relevant structural and semantic
dimensions (BIMxD). BIMxDs will act as a common reference for all human
workers, engineers, and autonomous machines.

The HumanTech consortium is formed by 22 organisations — leading research
institutes and universities, innovative hi-tech SMEs, and large enterprises,
construction groups and a construction SME representative — from 10 countries,
bringing expertise in 11 different disciplines. The consortium is led by the German
Research Center for Artificial Intelligence’'s Augmented Vision department.
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1 Introduction

1.1 Background, motivation and contribution

Construction industry can, at a generalized level, be compared to manufacturing
industry, where in both raw materials are made into products using production
processes. An important difference is, however, that in manufacturing similar products
are mass produced at the factories with an organized and controlled environment. This
allows for easier optimisation and automation of the production process. On the
contrary, in construction the products are buildings and structures, which normally are
engineered-to-order. Building takes place on the construction site, which is much less
organized compared to factories, and most of the equipment is not stationary. Many
processes involve significant risks for humans and can also be physically demanding. In
the HumanTech project four major challenges in the construction industry, compared

to the manufacturing industry, have been highlighted:

e Lower pace of technology adaptation
e Safety and productivity
e Lack of qualified workforce

e |neffective use of materials

In factory environments such challenges are addressed by, among other measures,
using more automated processes and robotization. Applying a similar approach for the
construction industry could be a feasible solution, but development of new technology
is required. This is especially important due to the unstructured nature and size of the
construction site, where adaptive sensor and perception based automated and
autonomous robotic processes are necessary. Robots would also need to operate
without cell fences and share workspace with human workers. On one hand, robust
robot navigation algorithms must be implemented for safe obstacle and human
avoidance. On the other hand, such co-existence gives a possibility for human-robot
interaction and human-robot collaboration. This way robots can take physically hard and
repetitive parts of tasks, while humans can be responsible for the part requiring specific
training. In such interaction, easy and understandable human-robot (and robot-human)
communication is important, especially given that most of construction workers are
unlikely to have specific training in robotics. Therefore, in the HumanTech project, and,
specifically in Task 5.6, several human robot communication channels have been

developed, implemented, and tested. The communication channels are developed for
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giving robot control commands, as well as to give input during task supervision. The
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development has covered speech-based communication channel, pose-based
communication channel, glove tracking for direct robot control and light-based robot
feedback. The developed communication channels have been integrated into one
communication framework, where several channels can be used during a robotic

operation.

Some of development presented in this deliverable is planned to be integrated in Pilot I
with the on-site robotic platform developed in T5.3 (and presented in deliverable D5.3)
and with the brick detection and pose estimation algorithm developed in the task T5.4

(and presented in deliverable D5.4).

1.2 Human-robot interaction and communication

1.2.1 Human-robot interaction

Human-robot interaction can be divided into different levels of complexity. Several
slightly different variations can be found in the literature [1], [2], [3], but, generally,

interaction levels can be summed up as shown in Figure 1.

Level/complexity of interaction

| %
l No interaction j—[ Co-existence H Synchronization j—[ Cooperation H Collaboration J

Figure 1: Levels of human robot interaction.

Co-existence is the lowest levels where interaction takes place, it is limited to shared
workspaces without fences, but without specific task sharing. Synchronization (also
referred to as sequential cooperation) is the next level where human and robot working
towards the same or different goal but are active one at a time with different tasks.
Cooperation (also referred to as parallel cooperation) is similar to synchronization with
the difference that the robot and human can be active with their own tasks
simultaneously. Collaboration is the highest and most technically complex level of
interaction. In collaboration robot and human are working with the same product
sharing a common task. Contact between a robot and human can happen during the

task execution as well.

A reliable human-robot communication framework can facilitate implementation of HRI
at all levels. In co-existence, the communication framework can be used for task

supervision and coordination [4]. In the higher levels, the communication framework can
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both be used for supervision of robot tasks, as well as for direct control in common
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human-robot tasks [5].

1.2.2 Human-robot communication

The Shannon-Weaver model of communication, illustrated in Figure 2, presents a
framework to describe the components of communication [6] and presents a linear
passage of information from a source, encoded and transmitted through a transmitter,
passing along a communication channel (subject to noise) to a receiver before being
decoded and arriving at the destination. Later models are more complicated and include
other aspects such as interactional models with continuous feedback, or transactional
models where communication itself is a continuous two-way element within a context
[7].

O
)

Destination

h 4

h 4

. Channel .
Transmitter 7,@7 —» Receiver

O—0

Source

Noise

Figure 2: Classic Shannon-Weaver model of communication from a robot to a human.

For human-robot interaction and collaboration there may be relevant information for
the safe and reliable execution of tasks that is communicated from human to robot, from
robot to human, from human to human, and from robot to robot. Within this project, the
communication considered is specifically fromm human to robot and from robot to
human. This static view of communication fits well within the classic Shannon-Weaver
model but does not address issues such as the contextual interpretation of the
information, or complex transactional behaviours such as cooperation or collaboration

through communication.

However, there is no communication that is context free. As a result, the expectation of
the communication must be addressed. If the purpose of a robot is to improve worker
conditions and productivity its function should reflect this in the interaction between
human and robot. A fundamental question is whether it is better for robots to behave as
humans, and fit within an established context such as cultural body gesture domain, or
whether it is better to expect the operator to learn the domain established by the robot

and its developer?
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Humans are very good at trying to explain events in terms of causal links and thus learn
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a pattern of communication. This is especially true when there is a short time between
something occurring and its result. If a person points to a tool and says “drill” we may
interpret the tool as a drill, but if a person points to a tool, stops pointing at the tool and
says “drill” half an hour later, we may not have understood the tool as a drill. Similarly,
humans may quickly learn that if a robot shows a green light right before or during a
brick is picked up, the light means the robot is going to pick up the brick. If the robot is
to adapt its behaviour in the same way as a human, but adjusts at a much slower rate
due to implementation considerations, there is a possibility that the human may already

have adapted their own behaviour to the robot’s.

These considerations underpin the design choices made during the development of the
human-robot communication framework. The communication channels explored in this
project are discussed in terms of whether they provide fast and reliable commmunication
from the robot to the human and vice versa. Since the communication cannot be made
context independent, we have explored functional modules that can be altered as
required to best fit the context and use these in an overall framework of commmunication

through a multimodal interface.

1.3 Robot control and supervision

Both robot control and supervision require an underlying robot program where the
functionality is defined. A robot program is developed before the robot is commissioned
for the desired application. Robot programming involves many disciplines such as
mathematics, mechanical engineering, electrical engineering, and often requires
training. Traditional robot programming approaches include lead-through teaching,
teach pendant programming, and offline programming. In lead-through teaching the
robot is guided manually (e.g., by grasping a handle on the robot tool) through the
waypoints of the task, while the robot controller logs the motion [8]. Alternatively, teach
pendant [9] can be used to move robot to the desired position and save waypoints in the
preferred order. This allows for some program modifications after the waypoints were
recorded. Teach pendant is a broadly used tool for programming industrial robot arms
of various brands. Offline programming [10] is another method, where robot motion
coordinates can be generated, and the motion program can be structured using

dedicated software implementing virtual environment. This removes the need of the
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operator to be at the robot site and gives some additional flexibility by using
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implemented functionality of the offline programming software.

During the exploitation phase, operators need to interact with robots and with robot
programs. In a structured factory environment, with known products and process flows,
such interaction can be minimal, with only few buttons on the user interface panel for
simple control and supervision functions (e.g., start, stop, and acknowledge buttons). On
the other hand, in the unstructured environments and non-fixed process flows,
interaction with the robot program can be more complex. An example of that can be a
need to redefine waypoints of robot trajectories or change the functional flow of the task.
Such modifications require more complex user interfaces and some background in
robot programming. This again leads to time consuming re-programming and sets
higher requirements for technical qualifications of operators. The interaction issue might
be even more challenging when robots are deployed for collaborative tasks with skilled
craftsmen, which are unlikely to have training in robotics. Therefore, significant amount
of research has been focused on development of simplified and understandable control
and communication channels for interaction with robots. Several such communication
technologies have been presented in the scientific literature, some of the examples are
speech communication [11], [12] [13], human body pose recognition [14], [15], hand
pose/gesture recognition [16], [17], augmented reality interfaces [18], as well as examples

of multimodal interaction [19], [20], [21].

2 Human-robot communication framework

2.1 Hardware and prototype development

211 Sensor unit

User interface (Ul) is an important part of HMI. The software part of the Ul are the
developed communication channels, however the hardware part is equally important
for a complete HMI implementation. In this project, a robot-mounted sensor unit (SU)
was designed and built to complement the software development. The developed SU is
shown in Figure 3, where the numerical notations are as follows: 1- stereo-vision cameras
for glove tracking (see Section 2.4), 2 — wide-angle RGB camera for pose detection (see
Section 2.3), 3 — RealSense RGB-D camera for brick detection (see deliverable D5.4), 4 —
LED stripe for light feedback (see Section 2.5), and 5 — separate LEDs for state machine

feedback during glove tracking. The sensors are placed in a plastic housing for
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equipment and wiring protection. The SU is attached to the robot flange, together with

a gripper (see Section 2.1.2).

Although in this project the sensors were integrated with the developed communication
channels and a brick detection algorithm, the SU constitutes a flexible sensor assembly
for a wider range of applications. It gives possibility for implementation of other vision-
based communication and perception algorithms. Flexibility is ensured by integrating
different types of vision technology, where each type has its advantages (and

disadvantages) for sensor data processing and further integration into the entire system.

Figure 3: CAD design and prototype of a sensor unit for HMI.

2.1.2 Gripper

Human-robot communication channels are developed, implemented and
demonstrated using a bricklaying scenario. The robotic gripper tool designed and built
in the project for picking and handling bricks is shown in Figure 4. The gripper is
designed such that the fingers can be inserted into the longitudinal holes in the brick.
Then the fingers move apart to clamp the brick, which provides additional safety during
robot manipulation. In addition, a photoelectric sensor is integrated between the fingers,
which allows for detection of a brick when picked up, as well as detection of brick
removal. The gripper is also mounted on the robot together with the SU. In the current
implementation, the SU is mounted directly to the robot flange, while the gripper is

mounted to the SU from underneath.
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Figure 4: CAD design and assembled gripper for brick gripping.

2.1.3 On-site robotic platform and laboratory setup
2.1.3.1 On-site robotic platform
The Baubot mobile demonstrator platform developed for the HumanTech project is a

mobile robotic system equipped with a collaborative robot arm (see deliverable D5.3).

Figure 5 shows the Baubot mobile robotic system with its basic elements.

Figure 5: Baubot mobile demonstrator platform.

The robotic system is basically divided into four distinct elements as described below: 1 -
robotic platform, 2 - collaborative robotic arm, 3 - safety system and 4 - application

interface. The Mobile Robot Platform serves as the foundation for the entire mobile
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robotic system. It accommodates a range of vital components like electronics, sensors,

and energy management system.

The collaborative robotic arm enables the robot to perform tasks and interact with its
environment. Applications involving human-robot collaboration are additionally
developed and integrated into the robotic arm. Figure 6 shows the Baubot mobile

robotic system with the safety elements.

Status Light

Figure 6: Baubot mobile demonstrator platform with safety elements

The safety controllers are provided on the mobile demonstrator platform that is
designed to ensure the safe operation of the robot in the collaborative construction
environment. Other safety elements include the E-Stop, the status light, three-way

switch, and Force feedback on the collaborative arm.

The robot arm is also enabled with a collaborative function. If the robotic arm encounters
a set amount of threshold force, the safe systems are instantly activated, and all functions
of the robot are instantly terminated. For example, if the robot arm collides into a human
worker while performing a human-robot interaction, the safe systems are immediately
activated to prevent injury to the human worker. In addition to the collaborative

function, the E-Stops also immediately disarm the mobile robotic system.

The application interface serves as a critical bridge between the mobile demonstrator
platform and external applications. External applications can be additionally developed

and integrated into the platform.
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An application plug, which is a hardware plug serves as the physical interface for
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connecting external applications with the robotic system. There is also a built-in software
interface that uses CAN messages to communicate with the external applications. The
robotic system can take inputs from various external applications and perform actions

based on the commands that are being passed to the robot.

2.1.3.2 Laboratory setup

The developed technology presented in the following sections was implemented and
demonstrated using a laboratory setup (see Figure 7) and a simplified bricklaying
scenario. The numerical notations in Figure 7 are as follows: 1 — Universal Robots UR10
robotic arm, 2 — SU, 3 — fork for picking bricks, 4 — a picked-up brick and 5 - a ramp for
bricks. In the laboratory demo, some brick picking and bricklaying process parts were
simplified. Specifically, a static fork was used instead of a gripper, bricks were picked
from a ramp which was manually re-filled. In-addition, a brick wall was built without use
of cement mortar to allow for re-usability of bricks. These process simplifications did not

affect the demonstration of the communication framework itself.

Figure 7: Laboratory setup representing a simplified bricklaying scenario.

2.2 Speech based human-robot communication channel
2.2.1 Motivation

The overall motivation of the speech communication channel is to achieve or allow a
worker, who is equipped with a headset helmet, to interact with robots by speech-based
commands. The speech-based commands are construction-based robot tasks the robot
is commanded to execute, e.g., start bricklaying task. Unlike the other communication

channels, the speech-based communication channel is the most flexible one. By taking
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advantage of this flexibility, a worker can design complex robot tasks, giving the
possibility to use arguments within a command. Another advantage is that a worker can
communicate and collaborate in a natural way with a robot by using complete
sentences, which has a semi-similarity to normal conversations between workers. It
means a robot or machine can understand speech commands spoken in a natural way,
and execute the corresponding task designed by a worker. Such a communication
channel has potential for applications in construction-sites, e.g., bricklaying, where

interactions with communication channels are needed to be touch-free and intuitive.

2.2.2 General system description
In the HumanTech project we have developed a software solution for a speech-based

communication channel to be used in construction as an HMI.

Two implementations of the speech-based communication channel are developed in
the HumanTech project, one is an offline transcription system, and the other is a real-
time transcription system. Block diagrams of the speech-based communication channel
implementations are present in Figure 8 and Figure 9 for offline and real-time

transcription system, respectively.

Offline Speech-based communication channel

Audio frame Audio frame Audio frame waveform
waveform waveform with speech

' " *- ' " *- w“,q..

Input Voice activity

Audio recording Preprocessing

speech detection
. J
A segment is a sequence of audio
frame waveforms —
[ Sequence of
Pisstad i Ippiae: Automatic words Offline

Speech segment

Speech - transcription
Recognition system

Figure 8: Block diagram of the offline transcription system.
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Real-time Speech-based communication channel

Audio frame Audio frame Audio frame waveform
waveform waveform

"ot ot

e 4

with speech

w»uh.

Voice activity
detection

Input
speech

Audio recording Preprocessing

Automatic Real-time
2 2s Sentence and
Speech transcrlptlon single words
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Figure 9: Block diagram of the real-time transcription system.

Our speech-based communication channel consists of seven major components:
preprocessing, voice activity detection, automatic speech recognition, speech segment
detection and the two types of a transcription system. The speech-based
communication channel, comprising all of these components, will be referred to as the

system in this chapter.

The system is taking audio or speech as input, and processing the signal with these
components, create a result that is either a sentence or a list of words and timestamps.

The timestamps represent the beginning and end of a word in the audio input.

It is important to notice that there is a major difference between a grammatically correct
sentence with punctuation marks and the content of a speech segment. A sentence may
consist of one or more speech segments, because the worker may take a pause between
spoken utterances when pronouncing a sentence. Thus, the system must decide when

a worker has completed a sentence before a result is announced.

2.2.2.1 Audio recording

Audio recording is the first step in the system process and has the responsibility to record
the sound in real-time in an arbitrary environment, the recorded sound will be
represented as an audio waveform. An audio waveform is a digital representation of

changes in sound intensity over time and may contain other background noises.

A Python Microphone class for microphone functionalities based on PyAudio is
developed. The Microphone class handles audio 1/O library in the OS. The Microphone

class inherits from a PhysicallnputDevice class as an abstract class. Also, a
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PhysicallnputDeviceThread class is developed, which serves as a facade class to

PhysicallnputDevice, it handles open and close of microphones and streams.

A Microphone instance is created by specifying device index, sampling frequency [Hz],
frame sampling frequency, bit rate or sample format and number of audio channels.

Table 1 shows a description of arguments and values, we used during our experiments.

Table 1: Table of microphone arguments.

Argument Description Value
Microphone Microphone index selection. If device index is None, it | None
Device index. | means unspecified, the default microphone in the OS is
used. Otherwise, device indexis the index(int) of the device
to be used as audio input.
Sampling Sampling frequency of the attached microphone. Modern | 16KHz
frequency audio recording is usually recorded at 44.1kHz. A human
ear can hear between 20Hz and 20kHz. A higher sampling
frequency results in a better audio quality, but also more
bandwidth. A higher bandwidth results in a slower
automatic speech recognition process. Therefore, it is a
trade-off between low computing time and high-quality
audio recordings.
Number  of | Achannelis a representation of a discrete stream of audio | 1
audio data. A single microphone can produce one channel of
channels. audio.
Frame Sampling frequency of audio frames in Hertz. The | 10Hz
sampling microphone audio is recorded in chunks determined by
frequency the frame sampling frequency.

2.2.2.2 Preprocessing

Preprocessing or signal processing is the second step in the system process. The sound
recording also includes unwanted sound like ambient and undesirable noises that the
system tries to remove with filter or several preprocessing algorithms such as noise
cancellation. The objective of preprocessing is to make the automatic speech
recognition process more computationally efficient, meaning that the recognition is
using less computation time with a lower word error rate (WER). Our implementation is
a Python class with denoising and filtering methods. A bandpass filter is used with
frequencies within 100 and 3000Hz, because a speech signal in a communication

channel is within 300 and 3000Hz.

2.2.2.3 Voice activity detection
Voice activity detection (VAD) is used to detect speech in an audio waveform or to

estimate if an audio frame contains a speech or not. The detection can be seen as a
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binary solution based on a probability if a speech is present in the waveform. The
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duration of the audio frame waveform is 100ms in our case. The objective of the VAD is
to avoid unnecessary transcription computation because speech transcription
algorithms require high resource intensive processing power. Normally, speech is often
discontinuous because a sentence may consist of pauses or breaks, or there is a long
break between sentences. In real situations for controlling a robot by speech sentences
or commands the system may only have a fragment of audio that contains speech.
Therefore, the voice activity detection ensures that we do not attempt to transcribe an

audio that contains no speech at all.

Our VAD implementation has two approaches: 1) audio power threshold approach and
2) machine learning approach. A Python class is developed with necessary methods for

each VAD approach.
AUDIO POWER THRESHOLD APPROACH

In this approach ambient noise is measured and used for audio power thresholding for
an audio frame. Under operation the ambient noise threshold will be updated to
correspond to actual environment values. In this case, audio power is calculated as RMS
of the audio. A speech signal is a dynamic signal unlike a stationary signal, hence will a
spoken sentence contain much more power than a signal with only ambient noise. This
is a simple technique to estimate speech presence in an audio waveform by only looking

at its power level.

One obstacle is to choose a suitable audio power threshold that will work for most
situations, because a speech signal may be wrongly added if there is loud background

noise close to the microphone.
MACHINE LEARNING APPROACH

Another option is to use a pre-trained network for detection of speech in an audio. The
Silero-VAD implementation [22] was used to predict probability of speech presence in
audio. Silero-VAD is a real-time voice activity detection model that has fast CPU
processing and assigns a probability between O and 1to an audio signal to describe when
a voice activity occurs. By using the Silero-VAD implementation, it is not needed to adjust
ambient noise and background noise has less impact on voice activity detection
compared to the audio power threshold approach. Based on a more robust method,

Silero-VAD is used as the VAD method in our experiments.



D5.6 - Communication framework for control and supervision

2.2.2.4 Speech segment detection

Speech segment detection (SSD) is a combination of VAD and a set of rules to detect
speech segments. By using SSD, a system can estimate when a speech segment starts
and ends based on speech activity. Figure 10 shows the SSD in action, where the timeslot

of present speech is detected indicated by the orange line.

2000

Amplitude

—2000

—4000
—— Audio Waveform

—— Voice Activity Detection

[ 1 2 3 4
Time [s]

Figure 10: Speech segment detection. The audio waveform is shown in blue, and the orange line indicates the speech
segment.

The set of rules is present in Table 2, together with the values we used during
experiments. The argument ‘nonspeaking duration’ is to ensure that the system is not
skipping any speech around the voice activity transition. Voice activity can be triggered
by many reasons, it might be by noise or other actions that happens in a construction
site. Therefore, we have a rule that speech must be a given period defined by ‘min voice
duration’. As breaks during pronunciation of a command may occur, we must ensure
that the whole speech commmand exists in the same speech segment, i.e., we must allow
a break duration defined by ‘max break duration’. To ensure a robust and stable voice
activity detection, frame overlapping is used such that a given part of the previous audio

frame is merged with the new frame to achieve a longer audio waveform.

It may occur that a grammatically correct sentence is pronounced with a long pause in

the middle. In this case, the SSD identifies two sentences if the pause is longer than the
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allowed pause time threshold. Therefore, SSD needs more logic or a supported system

to classify a complete sentence.

Table 2: Speech segment detection rules.

Rule Description Value

nonspeaking duration How many seconds of non-speaking | 0.2 seconds
audio to retain before and after a voice
activity transition.

min voice duration Minimum length[s] of speech in an audio | 0.25 seconds
waveform before we consider the audio
waveform a valid speech segment.

max break duration Maximum length[s] of a non-speaking | 1.25 seconds
period before a speech segment is
considered to be complete.

frame overlapping Audio frame overlapping in precent [%]. | 50 %

2.2.2.5 Automatic Speech Recognition
Automatic speech recognition, also known as decoding, transcription, or speech-to-text,

is the process that transforms human spoken utterances into textual sentences.

Our automatic speech recognition process is returning a word sequence with
timestamps and is classified as a large vocabulary speech recognition system. Today's
automatic speech recognition systems are quite accurate, but they can produce errors
due to various causes. One cause is the homophone substitution, if a word has one or
more homophones. A homophone is two or more words having the same pronunciation
e.g. brake and break. In these cases, the language model should be able to select the
correct one based on the phrase context. In situations of very short phrases or in worse
case single words, the language model has difficulties to accurately decode the context,

resulting in misrecognition of words or phrases.

An automatic speech recognition system always tries to output a word sequence even
when it is highly uncertain that it is a real word or sentence. It means, that grunts,
breathing and other effects can be detected as words as well, which might cause a
problem or malfunction for the application when it receives random words. A
consideration is to use complete sentences for interaction with the system to ensure

automatic speech recognition works as required.

Overlapping of speech from different workers can also be very problematic for the

automatic speech recognition and one should always try to base the interaction on a
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single user. This is achieved in the HumanTech project by having the microphone

attached to the helmet of a single worker.

Two networks have been used 1) wav2vec 2.0 [23] and whisper [24]. Whisper is an end-
to-end deep learning network trained on multilingual supervised datasets. A reasonable
feature is the transcription in multiple languages and translation to English from a non-
English language. There exists a reimplementation of OpenAl whisper, known as

fasterwhisper [25] which uses a faster inference engine for Transformer models.

Based on the faster implementation of whisper, fasterwhisper is chosen to be used as

our automatic speech recognition in the speech communication channel.

The input to fasterwhisper is an audio waveform, and the result is a sequence of words
and timestamps in seconds. One example is [[*How"0.6, 0.7], [“are”, 0.9, 1.0], [*you?",1.2,

1.4]]

2.2.2.6 Transcription system

Our development of a transcription system consists of a set of rules which define how
spoken human speech is to be understood and discretized. A transcription system must
be capable of differentiating between the worker's task commands. In this case, our
transcription system uses standard punctuation marks like comma, full stop, and
guestion mark to differentiate task commands. The heavy computation is executed by
automatic speech recognition, which listens to an audio recording and transcribes what
is heard. The transcription system uses the set of rules with the new transcript together

with the previous transcripts.

A transcription system can assist the process of transcription to get complete sentences,
this type of system is defined as an offline transcription system or a sentence-based
transcription system. A real-time transcription system is also capable of returning
complete sentences, along with the functionality of returning single words as they are
transcribed. A real-time transcription system requires much more computational
resources than an offline transcription system. The benefit of a real-time transcription
system is that an application can listen to both sentences and individual words. If we
look at a stop command for the robot, the desired behavior is to stop the robot as fast as
possible after the commmand has been spoken. If the system only listens to sentences,
there will be a longer delay until a sentence is detected as complete. In worse case, the
delay may be longer if the voice activity detection is positive even after the worker has

said the stop command because of noise or other ongoing background conversations.
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The use of a real-time transcription system is more suited for detection of short
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commands that should be responded to with low latency. From a user experience
perspective, both start and stop are examples of commands where it is natural to only
use a single word to specify the command, and the user experience may suffer, or safety

and productivity risks may occur if the processing takes too much time.
REAL-TIME TRANSCRIPTION SYSTEM

A Python class named RealtimeTranscriptionSystem is developed to be used as a real-
time transcription system for our speech-based communication channel. Our Python
implementation is based on the proposed method in [26]. Thus, only the core
functionalities are described in this section, which are the use of inter-sentence

coherence and LocalAgreement policy [27].

An audio and word buffer container are used to contain confirmed and unconfirmed
audio and words. A LocalAgreement-2 policy is applied, the policy searches for the
longest common prefix each time a new audio waveform with speech is added, if a prefix
is found the related audio and words will be changed from unconfirmed to confirmed.
The whole audio buffer is used as input for speech transcription. The audio buffer is
cleared when a sentence is completed, and the word buffer is moved to prompt so the
words or sentence will be available for an application framework. Inter-sentence
coherence is based on using the last 200 words in prompt and apply them as a prompt

argument to Whisper to maintain consistency.
OFFLINE TRANSCRIPTION SYSTEM

A Python class named OfflineTranscriptionSystem is developed to be used as an offline
transcription system for our speech-based communication channel. Our Python
implementation consists of a FIFO buffer, the buffer is meant for transcribed words from
whisper and new transcribed words in a sequence are added continuously. If a
punctuation mark is detected in the sequence, the words before the punctuation mark
in the buffer are moved to the prompt as it represents a complete sentence. An
application framework can listen and wait for a sentence to be added. It may occur that
no punctuation mark exists in the current transcription because automatic speech
recognition has estimated the sentence to be not grammatically correct. This could be
a result of a worker that pronounces grammatically incorrect sentences, or the voice
activity detection has divided the spoken sentence into several parts because the worker

had a long pause during pronunciation.
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In cases of no new added transcribed words, i.e. there is silence after last transcription
with no inferred punctuation mark, the offline transcription system will add a
punctuation mark after a given time to avoid additional delay to a speech command.
Inter-sentence coherence is also deployed in the same way as in real-time transcription

system.

2.2.2.7 Distributed system

As the speech transcription has a high computational requirement, the system is
designed to be distributed across a network using Pyro5 [28]. The speech transcription
is implemented in the Speech Transcription repository, where the script
run_transcription_whisper.py starts a Pyro5 proxy to provide a transcription service that
takes audio waveforms and returns the transcription results. The audio recording,
preprocessing, and voice activity detection are part of the Transcription System
repository, which can connect to the Speech Transcription service to transcribe the
processed audio waveform. The latest processed sentence will then be available through

the method get_sentence. For more information see the readme files of the repositories.

2.2.2.8 Integration experiments
LEGO EXAMPLE

In this example we demonstrate the
flexibility of speech-based communication
to both construct tasks for a robot, and to
specify the parameters of the task. The setup
uses a KUKA Scara robot, Duplo bricks, and
the offline transcription system with
additional task specification software. The
setup is illustrated in Figure 11, the blocks of
differing colour are at known positions with
known grasp poses. The user creates a task
for the robot by saying “Handover a yellow
block”, which causes the robot to start

moving to grasp the yellow block. During the

Figure 11: Hardware setup for the lego example. The  execution of the motion, the user stops the
KUKA Scara robot has a parallel pneumatic gripper
and Duplo blocks within its workspace. ongoing motion by Saying “Stop motion” and

resumes the motion by saying “continue
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motion”. When the robot has brought the yellow block to the handover position, the user
instructs the robot to handover the block by saying “open gripper”. To illustrate speech-
based interaction in this example, the robot was equipped with text-to-speech to
indicate its status and current action. Figure 12. The user can both command simple
tasks and advanced tasks with parameters, task with parameters is by specifying the
colour of the block to be handed over,and manipulation of the robot flange by specifying

displacements in x, y and z axes. Simple task commands are such as “stop motion” or

“open gripper”.

Figure 12: Snapshots from the block handover process: a) the user says “handover the yellow block”, b) the robot moves
to grasp the block, c) the robot grasps the block and moves to the handover pose, d) the robot awaits a command to
release the block, and d) the user says “open gripper” to complete the handover process.

BRICK EXAMPLE

In this example, the offline transcription system is used to command a robot that
provides the user with bricks for building a wall. The primary command in this example
is “start bricklaying”, which commands the robot to handover bricks continuously until
stopped, and “I'm going to take the brick”, which was used to indicate that the user is
removing the brick from the static forks. To illustrate speech-based interaction, the robot
was also equipped with text-to-speech to indicate its current action. The process is
illustrated in Figure 13. The example also included commands to stop the bricklaying
process, and to command the robot to discard bad bricks, snapshots from these

processes are not included in this report.
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I am going to pick
up a brick

Start bricklaying

Here is your
brick

Figure 13: Snapshots from the brick handover process with speech bubbles to indicate commands spoken by the user
and responses by the robot. a) the user instructs the robot to start bricklaying, b) the robot retrieves a brick, c) the robot
moves to the handover pose, d) at the handover pose the robot tells the user that it is ready for handover, d) the user
indicates to the robot that they are taking the brick.

2.2.3 Discussion

Asillustrated in the LEGO example, the speech-based communication channel can allow
for flexible commanding of the robot system in terms of allowing for arbitrary
parameters such as the colour of a block to be included in the spoken command and
handling a variety of commands as illustrated in the brick example. The speech system
was designed to provide a reliable and fast transcription such that both single word

commands could be handled, ie., the real-time transcription, and sentence-based
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commands could be handled, i.e., the offline transcription. The system is not without
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limitations, both the tuning of the preprocessing, voice activity detection, and
transcription model should be performed on-site to ensure best performance. The
speech patterns of relevant users should also be investigated to determine appropriate
tuning of the nonspeaking duration and other parameters that are dependent on the

user's speech behaviour rather than the audio noise.

2.3 Pose based human-robot communication channel
2.3.1 Motivation

The overall idea of this communication channel is to use a camera system mounted on
a robot to track a human worker's body pose and use this to allow the worker to
communicate commands to the robot. This represents a separate communication
modality that allows users to interact with the robot when speech is unavailable to them

due to speech impairments or environmental aspects such as workplace noise.

2.3.2 Existing work

Pose tracking in the context of humans, also known as
human pose estimation [29], is the task of estimating
human poses from images with one or more persons in
view. The output of such systems is a set of points
referred to as either keypoints or landmarks, in the 3D
camera frame, 3D estimated world frame or 2D image
coordinates, that map to the location of body features
such as wrists, ankles, hips, and nose. An example of a

keypoint mapping is given in Figure 14.

The keypoint indices, number of tracked keypoints, and
filtering behaviour may differ between different
implementations, but most appear to have hip, knee,
ankle, shoulder, elbow, wrist, nose and eyes. For most

systems the keypoints are given as 2D image

Figure 14: Numbered keypoints from the  coordinates or size-normalized image coordinates, and
OpenPose model.
each keypoint is associated with the confidence

assigned to the inference.

With the rising popularity of machine learning and machine vision, and through the

concerted effort of researchers, human pose tracking has become a burgeoning field
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with many different available libraries and inference models. This investigation will not
give a complete overview of human pose tracking, but some notable libraries and/or

models are:

e OpenPose [30]
e Mediapipe/pose [31]
e YOLOvV8-Pose [32]

e Mmmpose [33]

2.3.2.1 OpenPose
Developed by: OpenPose is created by Carnegie Mellon University, University of

California (Berkeley), and Facebook Reality labs.

Software: The library is implemented in C++, uses CUDA or openCL for GPU acceleration,

and has a python API via pybind. CMake is used for building the source code.

License: The library is free for non-commercial use with the possibility of commercial use

by paying an annual royalty fee.

2.3.2.2 Mediapipe/Pose

Developed by: The TensorFlow authors, Mediapipe authors, and Google.

Software: The library is implemented in C++ and provides a graph-based approach for
creating image and audio processing pipelines, supports Java, python, objective-C and
javascript. Bazel is used for building the source code. TensorFlow and its models are

used.
License: Apache 2.0

Notes: Mediapipe is a framework for defining graph-based pipelines where pose tracking
is a specific task available. The use of TensorFlow can be difficult to use for GPU
acceleration as TensorFlow only supports specific CUDA versions. The pose tracking
model is difficult to extract from the framework, but the "task" implementation runs well
on the CPU.

2.3.2.3 YOLOv8-Pose
Developed by: Ultralytics.

Software: The library is implemented in python and pytorch is used for models and

machine learning.

License: AGPL 3.0 and an enterprise license for commercial use.
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2.3.2.4 Mmpose

Developed by: The OpenMMLab authors (primarily Chinese research centers).

Software: OpenMMLab has a suite of interfaces that wraps opency, pytorch, and similar

aspects. The software uses pytorch for machine learning, and is implemented in python.
License: Apache 2.0

Notes: Seems to be a popular recommendation but has a large set of dependencies on

other libraries by the OpenMMLab authors.

2.3.2.5 Initial Tests

Both YOLOv8-pose and mediapipe/pose were tested during the initial phases of
development. From simple tests using a webcam it appeared that mediapipe/pose
provided relatively robust detection while only running on the CPU. It was also the easier
to install than mmpose with seemingly fewer dependencies, and less restrictively
licensed than OpenPose and YOLOV8-Pose. It was therefore decided to further explore

mediapipe/pose.

2.3.3 Communication process

For communication between the user and the robot, there must be a set of well-defined
gestures or poses to convey certain commands. They must be defined in such a way that
there is little ambiguity of whether the user is performing unrelated tasks or attempting

to communicate with the robot.

Pose- and gesture-based recognition of commands address very different scenarios. In
terms of pose, we inspect a single image or a single instance of the keypoints being
tracked to evaluate whether the user is conveying a command. In terms of gesture, we
inspect a sequence of images or keypoints to see whether the user is moving in a way

similar to the desired gesture.

There are also different ways of implementing the command recognition: one can use
machine learning on the camera feed directly, one can use machine learning on the
keypoints recognized from the proposed libraries, or one can apply analytical
approaches to the keypoints. In all of these, various design choices exist in smoothing
tracking, filtering based on confidence, data reduction using bounding boxes,

identifying user attention by whether they are facing the camera etc.

All these aspects culminate in a myriad of design choices, of which a small subset must

be selected for this exploration.



0

D5.6 - Communication framework for control and supervision

2.3.3.1 Considerations as a communication channel
As a communication channel for commanding the robot, there is likely to be an

expectation from the user of:

e |ow latency from a pose has been assumed or a gesture has been performed until
the robot reacts,

e therobot will not accidentally interpret work-related motions as a new command,
and

e there is sufficient differentiation between poses or gestures so that the user has a

clear understanding of which pose, or gesture caused which command.

For user experience with direct control of a screen or other device, the general rule of
thumb [34, p. 135] is that the response time must be 100 ms or less for a sensation of
instantaneous response or direct control, and less than 1s to not interrupt the user's flow
of thought. This suggests that the processing of the pose has an upper bound of 1s from
a command is considered issued by the user (e.g., after assuming a pose, or speaking a
command) until the robot must have indicated that a command has been received and
execution has started. As instantaneous change of motion may be difficult to observe or
undesirable from a motion control perspective, other methods such as changing lights,
or responding with sound may be required to ensure that the user has a sensation of

direct control of the robot.

In general, for any communication channel, the question of correct interpretation is
always an issue, and the different scenarios can be summarized as in the following table.
COMMAND ISSUED DIFFERENT/NO

COMMAND ISSUED
COMMAND ACCEPTED Robot accepted issued Robot accepted a non-

command (True positive) issued command (False
positive)
COMMAND IGNORED Robot ignored an issued Robot ignored a non-
command (False negative) issued command (True
negative)

Firstly, true positives and true negatives are the expected behaviour of the system and
the system is truly robust if all communication falls in these categories. However, for
machine learning approaches there will always be false positives and false negatives as

well.

The risks of false positives can be mitigated if the commmands that can be issued have

inherent safety mechanisms in the form of:
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e being limited in task scope and execution speed,

¢ have an implementation such that the human operator can reissue a new
command to stop the current, and

e are implemented on a collaborative robot with appropriately selected safety

settings.

Additionally, the existence of false positives and false negatives may cause the user
experience to suffer to such a degree that the system will not be sufficiently adopted.
For these reasons, the scope of the commands that can be issued along any individual
communication channel must be considered with respect to the incidence rate of false

positives and false negatives in different trial scenarios.

Considering these aspects, commands can also be created contextually, i.e., some
commands can safely be ignored in certain contexts. The robot can likely assume that
the worker does not expect to be handed a brick while it is being commanded to fetch
new bricks, or the robot cannot be expected to stop the current command when no
command has been issued. Context is also not only dependent on the currently
executing command on the robot, but also the work the operator is performing. It may
therefore be relevant to include some sort of monitoring of whether the user is in a state
that shows intent of communicating with the robot, for example whether the operator

is facing the robot, or whether the operator is standing and not crouching.

The user experience is also linked to the design of the commmunication channel. Gestures
may require longer observation time from the robot, violating the assumed "low-latency"
requirement, but assuming a static pose may cause the work flow of the worker to be

interrupted and decrease productivity.
In summary, the communication channel considerations present the following results:

e command detection should be differentiated from control flow such that which
commands to detect can be made context-dependent,

e commands should be available along multiple communication channels to
reduce sources of error,

e the choice of available commands should be considered with respect to the false
positive and false negative incidence rates to mitigate risks,

e user experience is affected by detection latency, and
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e We assume a pose may be detected faster, but gestures may be experienced as
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more appropriate in the workflow.

2.3.4 Software design choices
The current implementation uses mediapipe/pose to generate keypoints and applies

analytically defined geometric rules to evaluate whether the keypoints represents a

command. This approach has the benefit of:

1. being simple to implement,
2. command detection is approximately as fast as keypoint detection,

3. does not require additional training data to build a classifier for gestures.

MediaPipeDetector
BaseCaptureThread

+ capture_thr: BaseCaptureThread
+ rules: List[Callable]

1 |- options:PoseLandmarkerOptions
> - pose_state: dict

+ transforms: List[Callable]

+ start(): None
+ stop(): None
+ get_image(): np.ndarray
+ get_timestamp(): float + stop(): None
- capture_loop(): None + get_pose_state(): dict
A - result_callback(): None
- detect_loop(): None

+ start(): None

OpenCVCaptureThread

HarvesterCaptureThread

RealSenseCaptureThread

- camera_id:int
- has_timestamp: bool

- capture_loop(): None

- search_key: dict

- has_timestamp: bool
- frame_rate: int

- pixel_format: str

- capture_loop(): None

- capture_loop(): None

Figure 15: Class diagram for the pose_detect module.

A simplified view of the classes can be seen in Figure 15. Different image capturing
methods (opencv for webcam, Harvester for Basler cameras, or realsense API) are
concrete implementations of the abstract BaseCaptureThread class. The
BaseCaptureThread establishes a thread for capturing the image and provides a
get_image method that returns the latest image available. To handle camera calibration,

resizing, color adjustment, the image transformations defined in the field transforms are
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applied to the image before it isreturned using get_image. The get_timestamp function
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returns the timestamp of the latest image.

The MediapipeDetector class establishes a thread that gets an image from the capture
thread and performs keypoint detection on the image. These keypoints are stored in the
internal pose_state dictionary. Rules are applied to this dictionary to create more
identifiable flags such as the True/False value of whether the detected person is looking
at the camera. A rule is a function that takes the latest ordered keypoint locations and
their corresponding confidence value and updates a flag in the pose_state dictionary.
These can be user defined but basic rules are provided in

examples/mediapipe_detect.py.

2.3.4.1 Basic Rules

This section describes the analytic rules implemented in the library for basic coommand
detection. If the keypoints have a sufficiently high confidence, we can assume that they
are appropriately registered, i.e. if a keypoint is reported as the location of the left eye
keypoint, it will not be misregistered as the right eye keypoint. This simplifies rule
creation as we can have more complex point-set matching rules that match scaling and

orientation of a rule’s point set and the registered point set for a pose signal.

During testing, it was found that we could create rules that appeared to behave robustly
with few involved keypoints. An example of this is the facing_camera rule which

identifies if the operator is facing the camera.

The rule is illustrated in Figure 16 where the R circle
denotes the keypoint of the right eye, the L circle denotes
keypoint of the left eye, and the N circle denotes the R L
keypoint of the nose. If the confidence in these keypoints
isabove a certain threshold, the line bisecting the right and

left eye (the black line in the figure) is calculated, and the — — i

distance from the bisecting line to the nose is calculated. If
Figure 16: R-circle denotes the right

this distance is within an acceptable relative threshold to  eye, L-circle denotes the left eye,
black line is the bisecting line, and

the distance between the eyes, e.g. no further than 10% the N-circleis the nose. The red stippled
line is the distance between the

distance between the eyes, we consider the operator to be  nose and the bisecting line of the
eyes.

sufficiently facing the camera and the pose_state

dictionary will report facing_camera to be True.

A summary of the basic rules is given in Table 3.
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Table 3: Basic geometric rules for pose state signals

Rule in dictionary

Involved keypoints

Evaluation procedure

Facing camera

Left eye, right eye, nose

Distance of nose from bisecting line between
eyes

Left hand above | Left shoulder, right | The nose is to the left of the line formed by the
head shoulder, nose, left | left shoulder and the right shoulder, and the
wrist wrist is further to the left than the nose.
Right hand above | Left shoulder, right | See left hand above head
head shoulder, nose, right
wrist
Arms crossing Right elbow, right | The lines formed by right elbow-right wrist and
wrist, left elbow, left | left elbow-left wrist are intersecting.
wrist
Left wristinfront of | Right shoulder, left | Left wrist is inside the polygon formed by right
torso shoulder, left hip, right | shoulder, left shoulder, left hip, right hip.
hip, left wrist
Right wrist in front | Right shoulder, left | See left wrist in front of torso.

of torso

shoulder, left hip, right
hip, right wrist

Left arm straight | Right shoulder, left | Difference in polar angle for line segments:
(out  from the | shoulder, left elbow, | right shoulder-left shoulder, left shoulder-left
torso) left wrist. elbow, and left elbow-left wrist.

Right arm straight | Left shoulder, right | See left arm straight

(out  from the | shoulder, right elbow,

torso) right wrist

2.3.4.2 Distributed system - Pyro5

The current implementation provides a Pyro5 wrapper to the MediapipeDetect class for
use in a distributed system. The primary method of retrieving results is through the
get_pose_state which returns a dictionary containing the flags set by the rules and the
timestamp of the last detection. The wrapper only transmits simple types stored in the

dictionary such as float, int, string, and lists of these datatypes.
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2.3.5 Integration experiments

2.3.5.1 Brush example

Figure 17: Keypoint tracking in the brush example. a) The operator is performing other tasks, b) the operator commands
the robot to pause the process, c) there is lower confidence in the tracked keypoints as the operator is occluded by the
robot when changing the item and d) the operator commands the robot to resume the process.

In this example the rules facing camera, right hand above head, and right hand in front
of torso are used to control the robot from a static viewpoint. In this test the robot is
continuously brushing an item and the user can pause the process to change the item.
A realsense D435i camera is placed at a fixed location relative to the user and the robot.
Snapshots from the experiment are shown in Figure 17. The confidence ascribed to the
keypoints changes the color from red to yellow where yellow denotes high confidence
in the estimate, and red denotes low confidence. Placing the right hand above the head
while facing the camera stops the current running process and sets the next waypoint
for the robot to be away from the workspace such that the operator can change the
item, and placing the right hand in front of the torso while facing the camera resumes

the process. In Figure 17.c the operator is occluded by the robot and the confidence in



the keypoints is below the threshold for the rules. This is not wrongly interpreted as a
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hand in front of torso command as the low confidence in the keypoints involved in both
the facing camera rule and the hand in front of torso rule ensures that it is not

interpreted as a command signal.

2.3.5.2 Brick experiment

In this experiment, the wide-angle RGB camera (Camera 2 in Figure 3) is used to detect
the pose. Lenses of focal length f 2.5 mm, f 4mm and f 8 mm were tested, and the focal
length of f 4 mm was chosen as it provided sufficient view of the human from the SU
with less distortion than the lower focal length. The camera was calibrated to reduce the

overall warping of the image. This was found to qualitatively improve the pose detection.
The experiment consisted of the following tests:

1. User in full view of the end-effector with no brick placed in the static forks.
a) With normal clothing
b) With high-visibility jacket
2. User within reaching distance of a brick placed in the static forks.
a) With normal clothing
b) With high-visibility jacket

The test 1.a is shown in Figure 18. It illustrates four different commands with the user
facing the camera. The legs are obfuscated by the static forks and there is a low
confidence in their keypoints. There is sufficient confidence in the keypoints of the arms,
torso and face to detect the commands. The qualitative experience was that the

detection worked, as long as the camera settings fit with the lighting conditions.

Figure 18: Pose detection from wide-angle camera mounted in the SU, in full view of the end-effector with no brick placed
in the static forks a) right arm above head, b) left arm above head, c) right arm in front of torso, d) left arm in front of
torso.
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The test 1.b is shown in Figure 19. It illustrates the same commands as used in test 1.a
except that the user is not facing the camera. The legs are obfuscated due to the brick,
and there is a low confidence in their keypoints. At times, the brick adversely affects
other keypoints, e.g., the left wrist has a low confidence in Figure 19.c, and Figure 19.d.
The smaller distance between the user and the camera also makes it difficult to ensure
that commmands such as left arm above head do not result in the wrist keypoint going
out of view of the camera. The qualitative experience was that there were more cases
where the commands could not be detected due to low confidence in the relevant
keypoints, and it was more difficult to find an appropriate position to stand that had
sufficient view of the keypoints to execute the full command while remaining within

reaching distance of the brick. There were therefore more false negatives.

Figure 19: Pose detection from wide-angle camera mounted in the SU, with human within reaching distance of the brick
situated in the static forks. a) right arm above head, b) left arm above head, c) right arm in front of torso, d) left arm in
front of torso

The test 2.a is shown in Figure 20. It illustrates the same commands as used in test l.a.
The high-visibility clothing had a negative effect on the keypoint estimation, and the
illustrations are the best results obtained after testing having the jacket open or closed
and standing at different distances from the camera. As can be seen in Figure 20.a the
right arm is estimated to be bent more than it actually is and the confidence is still
relatively high. The qualitative experience was that there was a higher prevalence of both
false positives and false negatives. At times there was low confidence in the keypoint
estimation, but there were also cases where there was high confidence in the keypoints

even though they were not placed correctly.
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Figure 20: Pose detection from wide-angle camera mounted in the SU, in full view of the end-effector with no brick placed
in the static forks and the user wearing high-visibility jacket. A) right arm above head, b) left arm above head, c) right
arm in front of torso, d) left arm in front of torso.

The test 2.b is shown in Figure 21. This test performed the worst of the different scenarios.
The qualitative experience was that the general confidence of relevant keypoints was
too low for commands to be detected. The face keypoints were the only keypoints with
high enough confidence to be useful. The low confidence caused false negatives, but

there were no cases of false positives.

Figure 21: Pose detection from wide-angle camera mounted in the SU, with user within reaching distance of the brick
wearing a high-visibility jacket. A) low confidence in both arms while standing, b) bad keypoint estimation while trying
to have right arm in front of torso, c) bad keypoint estimation while trying to have right arm in front of torso while
standing at a different point in the view, d) low confidence in relevant keypoints while trying to have left arm in front of
torso.

2.3.6 Discussion

From the brush example it is shown that given correctly identified pose keypoints, the
robot can be commanded by assuming different positions within view of the camera.
This can be used to both consider attention by detecting whether the user is facing the
camera, which ensures that there is no change in the behavior of the robot without the

user having the opportunity to see the change, and to issue commands that change the
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behavior, by detecting whether the left or right hand is in specific positions relative to
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the torso and head.

From the brick experiment, the overall experience is that the user can be seen from the
SU with and without a brick in the static forks. The brick experiment also illustrates
limitations of the pose detection. The underlying model is based on BlazePose [35] and
is primarily intended as a lightweight body pose estimation model for applications such
as fitness tracking and sign-language recognition. Although the dataset is not listed in
the article, the images are likely chosen to prioritize images captured from webcams,
cellphone cameras, and while wearing casual clothing. This means that for robust

detection in industrial settings, a model may have to be refined.

The overall experience from the brick experiment was that while wearing casual clothing
there were no false positives, but false positives could occur while wearing high-visibility
clothing. The tests show that tests should be performed on-site to ensure proper settings
of the camera to the lighting conditions, and with expected clothing conditions. The
existence of false positives implies that commands should be both made context-
dependent so that dangerous situations are reduced, and should be limited in their
scope so that false positives do not start movements where the robot moves outside of

known and safe areas.

2.4 Glove tracking for robot control

2.4.1 General system description

Conventionally specific technical knowledge is required for programming of industrial
robots. This includes both some theoretical background in robotics, as well as
programming skills. Robot programming can be done through a teach pendant or by
creating a computer program and controlling a robot via available interfaces. Simpler
and more user-friendly interfaces can be used for less advanced control tasks. This can
be a touch screen or a joystick. Such interfaces are more accessible to personnel without
special technical training, but still require possession of a dedicated control device. In a
robotized construction process, such as bricklaying, can be beneficial if a worker could
do a simple robot control operation without need of carrying extra equipment. For
example, controlling a robot tool position is using hand motion, including when wearing
gloves. This way workers can better concentrate on the process and do not need to take
off working gloves, which would normally be necessary for touch screens or joysticks

with smaller buttons.
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In the Humantech project we have developed a technical solution for using a glove
motion for simple robot tool navigation tasks. Hardware setup for glove tracking is
shown in Figure 22 and consists of: 1 - working glove with LED markers, 2 - SU, 3 — stereo-
cameras with optical bandpass filters and 4 — indicator LEDs. The glove prototype is
made using a typical working glove, LEDs attached to the back of the hand, a battery
and a switch. The wavelength of light emitted by glove LEDs is the same as the

wavelength passed by optical bandpass filters.

Figure 22: Left: Hardware setup for glove tracking, right: work glove prototype with LED markers attached.

The control technology used for glove tracking is referred to as visual servoing [36]. In
this type of control, visual sensor information is used for robot control feedback. In the
proposed application, control goals are defined such that the robot tool is following the
glove motion by keeping the constant coordinate frame transformation between stereo-
cameras and the glove. While a general concept of visual servoing itself is not new,
specific implementation for robust and safe detection of glove, as well as easy solution

for turning the tracking on and off was developed in the project.

2.4.2 Detection of LED markers

One of the central parts in visual servoing is processing of camera information and
deriving the variables which can be used in the feedback control. In this subsection we
present such a data processing algorithm. The LEDs on the glove for two separate

patterns which can only be seen one at a time when hand forms a fist, see Figure 23.

Figure 23: The two LED patterns on the glove, A-pattern to the left, B-pattern to the right.
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To detect LED patterns, image processing pipeline has to be developed first. The goal is
to convert the colour image to a binary image. The image processing pipeline is shortly
defined as colour mask -> grayscale conversion -> inversion -> binary threshold. In
addition, some colour filtering is done by optical bandpass filters are attached to the

camera lenses.

After the processing, the obtained image has white background and black blobs
corresponding to the visible LEDs, which appear as close-to-circular objects of the similar
size. The binary image is used as an input to the blob detection algorithm [37]. In this
development we have applied SimpleBlobDetector class fromm OpenCV library. The
algorithm has several detection parameters, such as blob area, circularity, convexity, etc,
which can be tuned to avoid other light noise being detected as blobs. The detected
blobs are returned as a list of blob objects, where the image coordinates of each blob (i.e.
blob center point coordinates) can be extracted. The list of blob coordinate is an input to

detection of LED patterns shown in Figure 23.

The blob detector only detects separate blobs. Although, detector parameters allow to
neglect some of the light noise, it can still happen that background light gives binary
image blobs which are detected. Therefore, blobs need to be detected in a pre-defined
geometric structure to be identified as a blob pattern (or LED pattern). A detected blob
pattern is compared to a pre-defined template. Templates are lists of normalized point
coordinates corresponding to the actual placement of LEDs on the glove. The first step
of pattern detection algorithm is transformation of point coordinates into local
coordinate frame with the origin at the center of point group and orientation along the
principal axis. Then coordinates are normalized and an ICP (Iterative Closest Point)
algorithm is used to match blob points with the template points. Matching condition is
satisfied when an accumulative distance error for all point is below the pre-defined limit.
If the points are not matched, template is rotated 180 deg and the second ICP iteration
is run. The second iteration is necessary as direction of principal axis can flip 180 deg
depending on point coordinates. The detailed logical flowchart for template matching

and LED pattern detection is shown in Figure 24.
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Figure 24: Logical flowchart for LED pattern identification. BP stands for blob point.

2.4.3 State machine for glove tracking

Detection of LED (or blob) pattern allows for identification of glove gestures. In addition,
we propose and develop a state machine algorithm to facilitate safe and user-friendly
functionality. The main purpose of the state machine algorithm is to allow for glove
tracking activation/deactivation, as well as automatic deactivation when LED pattern
identification becomes unreliable. The activation functionality is implemented as 3-
gesture sequence. It means that the user has to show three gestures in a defined order
within a short period of time to activate glove tracking: fist (A-pattern), backhand (B-
pattern) and fist (A-pattern) again. This way the user can activate glove tracking by just
using one hand. The implemented state machine can be tuned to minimize the
possibility of undesired glove tracking activation, and, furthermore, longer sequences of
gestures (e.g., 5-gesture motion) can be implemented to further reduce that possibility.
The flowchart representing the state machine is shown in Figure 25, and its operation

can be described in the following steps:

e The state machine is initialized in state O and running in a loop.

e If A-pattern is detected in state O, state changes to 1i.

e If, instateli, A-patternis detected in both cameras continuously in every frame for
time t1, then state changes to 1, otherwise state changes to O.

e |If B-pattern is detected in state 1 within time t2, state changes to 2i, otherwise
state changesto O.

e |If, in state 2i, B-pattern is detected in both cameras continuously in every frame
for time t3, then state changes to 2, otherwise state changes to O.

e If A-pattern is detected in state 2 within time t4, state changes to 3i, otherwise

state changesto O.



e |If, in state 3i, A-pattern is detected in both cameras continuously in every frame
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for time t5, then state changes to 3, otherwise state changes to O.
¢ Instate 3 glove tracking is active.
e |If, in state 3, A-pattern is lost once in any camera, state changes to 3j.
e |If, in state 3j, A-pattern is detected again in both cameras within time t6, state

changes back to 3, otherwise state changes to O.

A-pattern B-pattern B-pattern A-pattern A-pattern
A-pattern continuous detected continuous detected continuous
detected ly detected once within ly detected once within ly detected A-pattern
| ; ] once ( | fortimetl ]| time t2 ( ] fortimets (T ) timetd (cq: | fortimets () lost once
S0 S1i s1 S2i 52 3i 53 S3j
U LI_J Wik, |Gl | = L
A-pattern

continuous
ly detected
for time t6

Figure 25: Logical flowchart for state machine.

To improve user experience, 3 LEDs have been installed in the SU front panel to indicate
state 1, 2 and 3 values. This way users are given a signal when the next gesture has to be
shown. Such visual feedback is important as time constants t2 and t4 should be rather
low for safe operation, meaning that 3-gesture motion should be rather fast. A 3-gesture

motion with LED indicators is shown in Figure 26. Glove tracking can be deactivated by

showing palm of the hand, such as none of LED patterns is longer visible for the cameras.

Figure 26: Starting glove tracking using 3-gesture sequence and LED state indicators.

2.4.4 Robot control strategy

The aim of the control system is to keep the distance between glove and one of the
cameras constant. Then the practical effect of such control strategy is that the robot tool
follows (or tracks) the glove motion, and a user can easily place the tool where required.
The concept is depicted by the manipulated photo in Figure 27. The blue arrow shows
the glove-to-camera distance which is kept constant by the robot control algorithm and

the green arrow shows hand motion repeated by the robot tool motion.
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Figure 27: Manipulated picture showing control principle for glove tracking.

Implementation of this control algorithm requires availability of 3D coordinates of the
glove in the robot base coordinate system. Coordinates are obtained by the triangulation
of blob image coordinates from both cameras in the stereo couple. Triangulation is
implemented using OpenCV library. This gives coordinates in the camera frame, which
later can be transformed into robot base frame using calibrated camera-robot flange
transformation and the robot flange-robot base transformation which can be read from

the robot control interface.

2.4.5 Experimental demonstration

The proposed glove tracking technology for robot control was implemented and tested
using a simplified bricklaying scenario and the lab setup described in Section 2.1.3.2.
Some of the experiments are done using an earlier version of SU, where only stereovision
camera sensor was integrated. In regard to the glove tracking functionality, earlier and

the latest SU versions are equivalent.

The human task in the demonstration is to place bricks on the table at a human waist
level. Robot task is to pick up bricks and deliver to the human. The robot functionality is

implemented in a hardcoded application with a following action sequence:

1. Robot picks up a brick and goes to the first delivery position.
After a brick is taken by a human, robot picks up another brick.
The next brick is delivered 240 mm to the right relative to the previous delivery

position.

Actions 2 and 3 go in a loop until the program is terminated, see Figure 28.




D5.6 - Communication framework for control and supervision ;]’l ;[

Figure 28: The first, second and last delivery positions for one brick layer.

Glove tracking can be activated when robot is in brick delivery position and before the
brick is removed. As the robot only delivers bricks shifting in one direction, a glove
needed to be used when starting a new brick layer (see Figure 29), or when a gap in the

layer had to be made (e.g., for a window), see Figure 30.

Figure 30: Using glove tracking for navigating robot tool when making a window gap.

Initial specific bricklaying task was to build three layers of a wall, where two top layers
had a window gap. Width of such gap was defined to the length of two bricks.
Completed bricklaying task is depicted in Figure 31.
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Figure 31: Completed bricklaying task.

In the following tests, glove tracking was also tested in a more complex scenario when

bricks had both to be placed on the table and on the shelf behind the robot.

2.5 LED and projector based robot feedback
2.5.1 LED based robot feedback

Coloured light (or coloured LED) is a widely used way to communicate information. A
typical example is a traffic light, where the light colour signals drivers to stop or to drive.
Alternatively, it can be a user panel with light indicators about status of the device
functions. Although it is rather limited how much information can be given by a single
light indicator, it is still a useful coommunication channel. An advantage of coloured light
indicators is that humans intuitive associate light colour with importance of the
information. For example, red colour would normally indicate critical information and
raise awareness of the users, while green colour would normally indicate normal
progress or successful accomplishment. If several light sources (such as LEDs) are
assembled in an array, then coordinated light control can provide additional information
to the users. For example, fast blinking bright lights would raise awareness. Coloured

LEDs have been also used for human-robot interaction [38], [39].

In the Humantech project we have implemented an RGB LED strip into the SU (see
Figure 3), which allows for variations in colour and intensity, as well as allows for
coordinated programming for control of each separate LED. Examples of different LED

intensity and colour are shown in Figure 33 and Figure 34.

Figure 32: Demonstration of different LED intensity.
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Figure 33: Demonstration of different LED colours.

The implementation and control pipeline for the LED strip is shown in Figure 34. LED
strip is connected to a 5 V DC power source and the control wire is connected to the
PWM (Pulse-Width Modulation) pin on the Arduino board. Several control functions are
implemented on Arduino using FastLED library, and the function parameters are
exposed via serial commmunication. This way a PC with a python script can call LED

control functions and give inputs to the function parameters.

lsv DC

Serial
icati PWM i
PC communication T S— LED strip (1C6812
standard)

Figure 34: LED strip control pipeline.

FastLED library allows for setting colour and intensity for each LED in a strip at high
frequency. That means that custom colour and intensity control functions can be
implemented depending on the application requirements. We have implemented
several control functions to demonstrate the possibilities and flexibility of a LED strip as

a robot-to-human communication channel.

The first example of an implemented control function is a progress bar function, see
Figure 35. This way an application can inform a used about the progress of a backend
process. LEDs get their brightness increased sequentially from the starting LED, such
that ratio between bright/non-bright LEDs corresponds to the progress status.

Parameters to set up are colour, background LED brightness, progress LED brightness,

starting LED and a progress step.

Figure 35: Progress bar function with different progress ratio.

Another implemented example is a snake pattern function, see Figure 36. This for

example can indicate loading or processing going on. Snakes continuously move
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around, and the parameters to set up are colour, snake/background brightness, length
and number of snakes. Alternatively, a sinusoidal wave function with dynamic phase

shift can be used to indicate processing, or indicate waiting time, see Figure 37.

Figure 37: Sinusoidal wave pattern.

In addition, LED strip can be used in combination with generated speech, where the
LED brightness uniformly varies following the absolute value of the soundwave

intensity. The LED colour can then indicate the importance of the message.

2.5.2 Projector for robot feedback
For a mobile robot platform, the colored lights may at times be insufficient to
communicate what the robot intends to do. To this end, the use of a projector as a

secondary communication channel was explored.

2.5.2.1 Hardware

The Asus Zenbeam L2 projector was used as it is a portable LED projector with features
for automatic focusing and keystone adjustment. The projector also has speakers and
can be used for text-to-speech communication from the robot. The projector is a
consumer-grade projector designed to be portable and can perform well under indoor
lighting situations. The projector has an in-built camera for auto focus adjustment that
cannot be accessed from an external computer. The user interface of the projector
cannot be accessed from an external computer unless we perform warranty voiding

hardware modifications.
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2.5.2.2 Robot calibration

We must perform a calibration to identify the
/O\ transformation between the projected image
“ and the robot base frame. The procedure tested,

see Figure 38, was to project an ArUco marker

and identify its pose (red) in the camera frame

(green). This was achieved by using commonly

O_O 3? available functions in the OpenCV library. To
———7

estimate the pose of the marker, their size after

projection must be measured. This is a manual

Figure 38: Projection of ArUco marker for ) o . )
calibration of the projected image. Green frame — process which can be difficult to achieve if the

denotes the camera frame, and the red frame
denotes the frame of the projected image. keystone adjustment warps the markers shape.
Due to the manual measurement and warping
caused by keystone adjustment the ArUco marker provides only a rough estimate of the
relative transformation between the robot frame and the projected image, and the

projected image cannot be used for communication that requires high accuracy.

2.5.2.3 ArUco projection test on different surfaces

a)

Figure 39: ArUco projection test on different surfaces. a) The 6x6 ArUco marker image, b) detection on a flat matte wall
with obstructions, c) detection on textured carpet with obstructions.

Figure 39 shows the results of projecting the ArUco markers in 20.a onto different
surfaces in an indoor office environment. Figure 20.b shows a case where only three of
four ArUco markers could be detected due to visual disturbances in the image, and the
auto calibration resulting in too low light output. Figure 20.c shows that for appropriately
calibrated lighting and sufficient isolation of the projected image from other visual
disturbances, all ArUco markers were detected. In this test the projector was held
approximately 1T m from the surface. For a permanent setup, it may be sufficient to
manually set the focus, keystone adjustment, and light output of the projector before

performing the robot calibration.
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2.5.2.4 Limitations

Some limitations of the system were discovered. The keystone adjustment can
automatically adjust the screen and focus, but this is a fully automatic procedure that
cannot be externally triggered. This means that in a cluttered environment as a building
site, the initialization of the projector must be done against a clear surface and auto focus
should be disabled. The surface that we project the image onto also affects the quality
of the projected ArUco marker, which may prevent calibration of the projected image
frame relative to the robot. The projector performs acceptably under indoor testing but

may be insufficient in outdoor lighting conditions.

Assuming a 0.5 m? projected image, and a reported output of 960 lumen from the
projector, the illuminance of the projector is 1920 lux. As this is an order of magnitude
less than normal daylight it may not be a viable solution to communicate important

information from the robot to the human.

2.6 Multimodal communication framework
2.6.1 Motivation

To trigger changes in tasks for the robot, the commmunication channels must be able to
cause events that can be interpreted by the task executor. This layer of abstraction
between the specific implementations of e.g., pose tracking or speech recognition, and
the control flow execution required in the task executor ensures that the control flow is
not required to be dependent on the specific implementations of the communication
channel but only that an appropriate interface has been constructed for the desired
communication channel. This is important to simplify further integration with the brick
detection software, and other communication channels that can be integrated in the

task executor.

2.6.2 Software Architecture

The architecture of the multimodal communication interface (MCI) is summarized in
Figure 40. The main class is the MultiModalCommunicationinterface. This class takes a
yaml file describing events in terms of their name, their priority, the relevant
communication channels, whether the event occurs if any or all specified signals occur,
and the relevant signals to be tested for on the communication channels. E.g., the signals
may be a specific string that must occur in the transcribed speech and for a key in the
pose state dictionary to be set to true. The events are identified by an event container,

the Events class, and are described by the dataclass Event. The MCl has a function to add
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and to add
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events manually, to start, stop, pause and resume interaction,
communication channels for processing. A communication channel is based on the
abstract class CommunicationChannel which provides methods for retrieving the name
of the channel, the last event observed, run, stop, pause and resume. A communication
channel inherits from the threading.Thread class in Python and takes a client instance
that will be used to evaluate whether an event has occurred. Communication channels
take the Pyro5 instance of the relevant class e.g., MediapipeDetector, as a construction
argument to set the client instance. The specific communication channels
implementations implement the methods to retrieve the data structure from their
respective Pyro5 instance, e.g., get_pose_state for BodyPoseCommunicationChannel,
and detection of this event occurs in the find_events function of the Events class. When
an event is detected, it is placed on the EventQueue instance which is a priority queue

and provides thread safe access to the events.

MultiModalinterface

EventQueue

+ add_event(events): None

+ get_event(timeout): Event

+ add_channel(class_type, channel_client); None
+ start_interaction(): None
— |t pause_interaction(): None

+ resume_interaction(): None

+ stop_interaction: None

s
1 1

-
-

+ epq(): PriorityQueue
+ add_event(event): None
+ clear_events(): None
+ get_event(timeout):Event

-

Event Events CommunicationChannel
+ priority: int 4 %1 + debug: Bool
+ channel: str
+name: str < + find_event(name): Event + channel(): channel interface instance
+ args: dict + none_event(): Event + last_events(): List[Event]
+ find_events(user_action, channel): List{Event] + stop(): None
+ pause(). None

+ resume(): None
+run(): None

BodyPoseCommunicationChannel

GloveCommunicationChannel

SpeechCommunicationChannel

+ channel_name(): str
+init(): None
+ run_channel(): List{[Event]

+ channel_name(): str
+init(): None

+ run_channel(): List{[Event]

+ channel_name(): str
+init(): None
+ run_channel(): List{Event]

+ pause_channel(): None
+ resume_channel(): None

Figure 40: Simplified class diagram of the MCI. Only functions and members that are relevant for standard use are
included in the diagram. The relation between communication channel and events has been omitted as that occurs
through their instantiation within the MultiModallnterface class.

To implement new modes of communication one must create a new

CommunicationChannel subclass that retrieves the relevant data in the run_channel
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function and extend the find_events function in the Events class to specify how the data
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is processed to identify the signal specified in Event. To utilize the events in a task
executor one must create a yaml description file with the relevant events and their
signals and call the get_event method of the MultiModallnterface. This is a blocking call
that will wait for an event to occur on any of the commmunication channels and retrieves
the latest, highest priority event from the event queue. The event queue can only contain
one instance of each event, and repeated triggering of the event will not be added to

the queue.

2.6.2.1 Flexible event specification example

t_stop:
name: stop
priority: 1
logical: or
speech:
- stop
bodypose:
- left_arm_above_head: true
glove:
t_start:
name: start
priority: 3
logical: and
speech:
- start
bodypose:
- facing_camera: true
glove:

Figure 41: Example of events specification.

Figure 41 shows an example of events specified in the yaml file. This example has two
different transition events that can trigger: t_start and t_stop. The t_stop has the highest
priority while t_start has lower priority. For t_start, we have to both face the camera and
say "start” for the event to trigger, while for t_stop we can either say "stop” or raise our
left arm above our head. There is no use of the glove tracking in either event. This shows
the flexibility of the communication framework to handle different types of events with
different channels used to trigger the event. The logical “and” or “or” increases the
flexibility of the framework and provides both communication redundancy and
specificity. The redundancy is important when wrongly assuming that no command has
been given may have adverse effects (false negatives), and specificity is important when
wrongly assuming that a command has been given may have adverse effects (false

positives).
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For the example specification in Figure 41, the event t_start was chosen to only occur as
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the operator faces the robot. This means that if they are looking at another worker and
speaking a phrase with “start” it will not be wrongly interpreted. Similarly, t_stop was
chosen to occur when either the worker puts their left arm up, or when “stop” is spoken

as it should be possible when either channel is subject to noise or malfunctioning.

3 Conclusions and next steps

Robot control and supervision can be a challenging task for robot operators. It normally
requires specific knowledge in robotics and training, which can be a bottleneck for
diffusion of robotic technology in some industries. An example can be construction
industry, which in practice has a low degree of automation and construction workers are
unlikely to have the necessary advanced training in robotics. Another aspect of
construction industry is that construction process happens at the unstructured
environment of a construction site with many interdependent parallel processes. This
makes it difficult to achieve full autonomy of the robotic processes, and interaction with
robots for task supervision and control becomes especially important. To tackle these
challenges in the HumanTech project, we proposed and implemented a flexible human-

robot communication framework for task control and supervision.

The framework was realised by implementing a multimodal communication interface
(MCI) and integrating several communication channels. The role of the MCI is to
generate events for interaction with the robotic process/task program. Such events are
generated based on the input fromm communication channels. The implementation of
the MCI makes it independent of any specific communication channels and allows for
simple integration of additional channels. Four different communication channels have
been developed for integration with the MCI: speech, pose/gesture, glove tracking and

LED strip indicator.

Speech communication channels was implemented and demonstrated in two different
scenarios. Both cases demonstrated possibility for flexible robot commanding, including
handling objects with different parameters (e.g., colour) or more general commands for
interaction with the task flow. The commmunication channels were designed such that

both single-word commands and whole sentences could be handled.

Pose/gesture detection based communication channel was implemented and
demonstrated in two scenarios. The demonstration showed possibility of interaction

with the robotic process by showing one of poses, which were defined and associated
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with the required functions in the process flow. Along with the pose/gesture recognition,
attention detection was implemented allowing for ignoring commands done when the

operator was not looking into the camera.

Glove tracking for direct robot tool control was implemented using stereo cameras and
a visual servoing algorithm. A prototype of a glove with LED markers has been made.
Glove tracking was tested in a simplified bricklaying scenario, demonstrating flexibility

of one-hand touchless robot control.

LED strip based robot feedback to the operator was implemented by integration of a
LED strip into the SU and pre-defining several light control functions for visualising light
patterns. The LED strip was also tested in combination with text-to-speech interface for
robot feedback.

The next steps are to integrate some of the developed communication channels into an
application for the robotized bricklaying process defined in Pilot Il (WP7). The application
will be deployed on the on-site robotic platform (Task 5.3 and Section 2.1.3.1) together
with the SU (Section 2.1.1) and the brick gripper (Section 2.1.2). Additionally, brick 6D pose
detection algorithm (Task 5.4) will be integrated and used for automatic detection of a
brick on a pallet. Such integration will require close collaboration between the project

partners SINTEF, DFKI, Baubot, Ricoh, Acciona and others.
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