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ABSTRACT

TRUST ATTRIBUTION IN COLLABORATIVE ROBOTS: AN
EXPERIMENTAL INVESTIGATION OF NON-VERBAL CUES IN A
VIRTUAL HUMAN-ROBOT INTERACTION SETTING

Ozcan, Ahmet Merig
M.S., Department of Cognitive Science
Supervisor: Assoc. Prof. Dr. Erol Sahin

Co-Supervisor: Assoc. Prof. Dr. Cengiz Acartiirk

June 2021, [61] pages

This thesis reports the development of non-verbal HRI (Human-Robot Interaction)
behaviors on a robotic manipulator, evaluating the role of trust in collaborative as-
sembly tasks. Towards this end, we developed four non-verbal HRI behaviors, namely
gazing, head nodding, tilting, and shaking, on a URS robotic manipulator. We used
them under different degrees of trust of the user to the robot actions. Specifically, we
used a certain "head-on neck posture" for the cobot using the last three links along
with the gripper. The gaze behavior directed the gripper towards the desired point
in space, alongside with the head nodding and shaking behaviors. We designed a
remote setup to experiment subjects interacting with the cobot remotely via Zoom
teleconferencing. In a simple collaborative scenario, the efficacy of these behaviors
was assessed in terms of their impact on the formation of trust between the robot and
the user and task performance. 19 people participated in the experiment with varying

ages and genders.
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0z

KOLABORATIF ROBOTLARDA GUVEN OZELLIGI: SANAL INSAN
ROBOT ETKILESIM ORTAMINDA, SOZSUZ IPUGLARININ DENEYSEL
ARASTIRMASI

Ozcan, Ahmet Merig
Yiiksek Lisans, Bolimi
Tez Yoneticisi: Dog. Dr. Erol Sahin
Ortak Tez Yoneticisi: Dog. Dr. Cengiz Acartiirk

Haziran 2021 ,[61| sayfa

Bu tez insan robot arasi etkilesimi gelistirmek amaciyla, yardimc1 URS robotunun
manipiilatorii ile, bakis ve kafa davraniglar1 yaratmay1 ve etkilerini montaj senaryosu
altinda test etmeyi hedeflemektedir. Bu dogrultuda cesitli sozlii olmayan robot dav-
raniglart URS robotu ve Robotiq ¢ene kiskaci kullamilarak gelistirildi, bunlar; yana
ve one kafa sallama, kafa egme ve bakis davramisidir. Bu davraniglar1 uygulayabil-
mek i¢in daha 6nceden dizayn edilmis bir robot durusu kullanildi ve son ii¢ robot
eklemi, ¢ene kiskact kullanilarak "bas-boyun" yapisina cevrildi. Bu durus yapisi ile
birlikte ¢cene kiskaci uzayda bir noktaya dogrultularak bakis davranigi yapabilmekte-
dir. Bakis davranigina ek olarak kafa yapisi ile birlikte kafa sallama gibi davraniglarda
modellendi, bunun yaninda katilimcilarin aktif olarak cobot ile birlikte telekonferans
programi olan Zoom {iizerinden etkilesime gecebilecegi 6zgiin bir deney ortami ge-
listirildi. Ortak ¢alismaya dayali bir senaryoda bu davraniglarin giiven kazanimi ve
performans tizerindeki etkisi test edildi. Farkli yas ve cinsiyet gruplarindan 19 kati-

Iimci ile birlikte deneyler gerceklestirildi.
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Anahtar Kelimeler: robotik, insan robot etkilesimi, uzak baglanti robot deneyi
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CHAPTER 1

INTRODUCTION

The concept of trust has been studied in various domains of human-robot interaction,
including autonomous vehicles and social robots for rehabilitation (Langer, Feingold-
Polak, Mueller, Kellmeyer, & Levy-Tzedek, 2019). In social robotics, establishing a
trustworthy interaction has a signi cant role in effective communication between a
robot and its users. At a broader level, trust is a cognitively complex concept that
is dif cult to measure and implement. It is insuf cient to ask people where they
place their trust (Botsman, 2017). For a systematic investigation of trust in human-
robot interaction, we need quanti able measures of trust, such as the duration of
task completion or the accuracy of a task under various experimental manipulation of
trust conditions. The goal of the present study is to study trust within the context of
the gestures produced by a collaborative robotic manipulator, as measured in terms of
task performance in a collaborative task. Accordingly, we expectto nd a measurable
impact of the degree of trustworthiness of the robot on human task performance.

Collaborative robotic manipulators, a.k.a. cobots, are designed to carry out manipu-
lation tasks directly interacting with workers as their work-mates (Colgate, Wanna-
suphoprasit, & Peshkin, 1996). This requires cobots to establish and maintain short-
and long-term interactions with their human co-workers through social cues. How-
ever, current cobots are designed as simple robotic manipulators equipped with safety
features and do not provide any explicit support for human-robot interactions.

Human-robot interaction is the study of investigating, evaluating, and designing robotic
systems for humans. Such systems require natural communication (a way of most
people exchange information, e.g. speech and gestures) (Admoni & Scassellati,
2017), including verbal (writing, speaking, etc.) and non-verbal (gestures, appear-
ance, posture, gaze etc.) techniques. In our thesis we focused on several commonly
used non-verbal interaction techniques (Cha, Kim, Fong, & Mataric, 2018)(Admoni

& Scassellati, 2017) in HRI: gaze and head gestures.

Gaze behavior is a signi cant non-verbal communication method. It is regarded as
an important cue in social interactions (Cook, 1977), and cognitively in uential since
there are special "hard-wired" neurological structures for these visual actions. Prior
work indicated that even pointing the gripper of a cobot toward its user or toward
an object can be perceived as a gaze and facilitate social perceptions and interaction
(Terzioglu, Mutlu, & Sahin, 2020). Therefore we also embraced this non-verbal cue
and used it in our experiments. However, addition to prior work, we tried to mathe-
matically model this behavior for a cobot.



Along with the gaze, head gestures are also another important non-verbal commu-
nication method, that is commonly used in HRI (Sidner, Lee, Morency, & Forlines,
2006) (Liu, T., et al., 2012) (Breazeal et al., 2005). In general head gestures con-
vey useful information about the intentions and feelings, and have a signi cant place
in one-to-one social communication (Morency, Sidner, Lee, & Darrell, 2007). For
example, head nodding behavior is interpreted as agreement or approval and head
shake behavior is denial or disagreement in many cultures even though they are not
universally employed (Darwin, n.d.).

In previous work (Terziglu et al., 2020), it has been studied how the HRI quality
between the human worker and a cobot can be enhanced by applying some of the
animation principles of Disney(Lasseter, 1987), such as appeal, secondary behavior,
and arc'ing. Towards increasing the appeal of the cobot, a "head-on-neck posture”
for the cobot, af xed a sunglass on the gripper, and pointed it towards the human or a
common point in space to generate a gaze, as shown in Figure 1.1b.

By taking prior work to account, in this thesis, we implemented four non-verbal be-
haviors on "head-on-neck posture”, on the cobot platform; nagetg head nod

head tiltandhead shakend investigated how gaze and head shakes with gaze aver-
sion, would affect the trust attribution in cobots in a virtual human-robot interac-
tion setting. The formation of trust has been an intense topic of research in various
disciplines, including social sciences and more recently Arti cial Intelligence under
different connotations of the concept. In the present study, we investigate the trust
concept in terms of the trustworthiness of the robot's gaze-pointing actions and we
measured the task performance of the participants.

1.1 Terminology

In this section, the terminology used throughout the thesis is de ned.

Collaborative Universal Robots are commercial robots that provide a cost-
effective, exible, and safe automation solution for a wide range of production
tasks and UR5 Collaborative robot is one of the members of these robots. UR5
robot is shown in the Figure 1.1a.

Assembly Taskis de ned as the process of follows a pre-de ned sequence of
assembling actions towards assembling a product.

Gazeis de ned as the steady look to a certain point in space, which is assumed
to indicate the attention of the human/robot.

Gaze Vectoris a vector that starts at the center of the eyes and ends at the point
to look.

End-effector is a part of the robot which manipulates and interacts with the
outside world.

Body Group Joints are the rst three joints of the UR5 Robot, which acts as a
URS robot's body.



Head Group Joints are the last three joint of UR5 Robot, which acts as head
of UR5 Robot.

Head Shakeis the horizontal motion of the head around the gazing direction,
usually conveys a negative response to an action in most cultures. The move-
ment illustrated in Figure 1.1a with red arrows.

Head Nod is the vertical motion of the head around the gazing direction, is
commonly used for conveying a positive response. The movement illustrated
in Figure 1.1a with blue arrows.

Worker is a human participant who involves an assembly process.

Handover is a complicated collaborative task, "where actors coordinate in time
and space to transfer control of an object.” (Strabala et al., 2013)



(a) Vertical and horizontal movement of End-Effector

(b) Gaze vector, Head group and Body Group illustration

Figure 1.1: URS5 Collaborative robot de nitions



1.2 Research Questions

The major experimental research question of this thesis is to understand the relation-
ship between level of trust worthiness, and performance of the participants on an
assembly task. We hypothesise that the level of trust have an impact on collaborative
task where robots and human working together to produce piece of work. Through
this aim, gaze, gaze aversion and head shaking behaviours choosen from our de-
veloped gestures and used inside a novel interactive experiment setup environment
over zoom teleconferenc¥ifleo Conferencing, Web Conferencing, Webinars, Screen
Sharing n.d.). This setup allowed people to interact with a cobot over the internet
to participate a HRI experiment. A virtual table with several holes were presented
to the participants along with the screws to drive inside the holes. The task of the
participant was to drive as many screws as possible into the correct holes in given
time. UR5 collaborative robot gave gaze cues to the participants thought out the ex-
periment with different trust factors, %0 %50 and %100 as an independent variable.
We investigated the human participants performance through the virtual experiment
trials, for average screw time, total number of correct and miss-placed screws. In our
hypothesis, we believe that the robot's cues will improve the task performance for the
guantitative measures depending on the trust rates of the human participants. In other
words we think that the task performance will have a correlation with the robot's trust
worthiness.






CHAPTER 2

LITERATURE REVIEW

In this chapter, we present the relevant literature for gaze and other head gestures in
HRI.

2.1 GazeinHRI

Human eyes are considered to be the windows of our mind hence gazing directly
from our eyes on some point in space is a very informative signal. Consequently gaze
is substantial non-verbal communication tool for humans. Biological ndings as-
sert that, along with humans, many vertebrate species can comprehend gaze (Emery,
2000). Humans, can comprehend intentions' of others much more successfully than
vertebrate species (Emery, 2000). Two centuries ago Darwin stated the signi cance
of gaze on understanding others emotions and feelings by arguing that gaze can re-
veal, pride, humility, guilt suspicion etc. (Darwin, n.d.). It is also essential behavior
for social communications. It gives several different cues by revealing target point of
attention (people look at the person that they listening in a conversation, %88 percent
of the time (Vertegaal, Slagter, Veer, & Nijholt, 2001) (Cook, 1977) and turn taking

in a conversation (Rossano, 2012).

Because of the signi cance of gaze, it has been used under several different research
topics. The precursor researches about gaze was initiated by the virtual agent com-
munity, which uses computer programs to animate agents, in early 1990s (Admoni
& Scassellati, 2017). Virtual agents with gaze capability has shown improvement on
means of capturing attention, maintaining engagement, and contributing conversa-
tional uidity along humans (Cassell, 2000 April).

Robotics began introducing meaningful eye gaze into their systems in the late 1990s,
with robots; namely Cog (Scassellati, 1996) K smet (Breazeal & Scassellati, n.d.).
Modern-day approaches on gaze diversify, and it has been used for several different
topics such as arti cial intelligence, virtual agents, psychology (Admoni & Scassel-
lati, 2017).

Throughout our research we came across various types of gaze behaviours:

Joint Gaze (Attention) behaviour involves sharing common gaze to a certain
point or an object. (Moore & Dunham, 2014). For an example: in assembly
task it occurs when a robot and a human worker gaze a piece or a tool together.

7



Mutual Gaze (Attention) also refer to "eye contact”, which involves mutually
looking to each others eyes.

Gaze aversionis changing the main direction of gaze while facing directly to
an agent's face. It is an important nonverbal cue that serves number of inter-
action functionalities, adjusting intimacy, managing conversational awareness
(Andrist, Tan, Gleicher, & Mutlu, 2014).

In the coming subsections, we will discuss common topics found during our research
on gaze in HRI. By identifying the commonalities, these subsections will emphasize
varying appearances, the embodiment of agents, and functionalities of gaze behavior.

2.1.1 Functionalities of Gaze Behaviour

Gaze behavior is used for several different purposes: collecting information, indicat-
ing emotional state and interest, directing conversations (e.g., through turn-taking),
shifting or showing attention, establishing trust link and more (Ruhland et al., 2015).

In a certain context and with necessary abilities (e.g., moving head or gaze for to a
speci c location to shift attention), like humans, robots and virtual agents can also be
able to perform these functionalities (Ruhland et al., 2015).

2.1.1.1 Gaze on Attention

Gaze is a commonly exploited behavior to shift and direct the attention of others
(Admoni & Scassellati, 2017). One way of doing this is gaze cuing. Gaze cue is
the behavior in which we pay attention to someone else's gaze and nd our gaze
drawn by it. In HRI, gaze cue behavior can be achieved by moving head orientation
(by moving gaze together with orientation) or eyeballs (Hoque et al., 2013). Itis a
powerful method that shifts the attention of others even if they are not facing directly
to an agent (Hoque et al., 2013).

Figure 2.1: Humanoid robot face (capable of moving eyes), which is used for catching
attention of users (Hoque et al., 2013)

Gaze cues were also established with NAO robd&ta@ the humanoid and pro-
grammable robot: SoftBank Robotjesd.) which is incapable of moving eyes (Mwangi

et al., 2018). In order to reallocate their gaze, NAO robots use their head movements.
The experiment used gaze cues in the context of a shell game in which an object is

8



hidden under one of three cups, and those cups are shuf ed at a certain speed depend-
ing on different dif culty levels. It was asked participants to nd the cup where the
object is hidden. Human participants were able to capture NAO robots' gaze cues and
improved their response time. In gure 2.2 the setup environment is illustrated.

Figure 2.2: NAO Robots shell game experiment environment (Stanton & Stevens,
2014)

Similar to the previous experiment, NAO robots' gaze capabilities were tested in an-
other game, pair card game. Fourteen cards were arranged and closed down on a table
between two players as in gure 2.4. Participants' task was de ned as nding the pair
cards as fast as possible, and NAO robots tried to aid participants with their gaze cues.
Participants' eye movements were tracked and observed through eye trackers. This
demonstrated that NAO robots and human gaze could achieve similar time duration
for task solving (Mwangi et al., 2018).



Figure 2.3: NAO robots Pairing Card Game (Mwangi et al., 2018)

Along being the primary source of information channel, gaze cues can also enhance
explicit communication techniques (Breazeal et al., 2005) such as pointing an object
with a hand. Explicit communication is de ned as deliberate where a person aims
to share speci c information. On the other hand, implicit behaviors are de ned as
transmitting information that inherits in a gesture such as gaze. The Humanoid robot
Leonardo (in Figure 2.4) was used in an experiment to understand the effects of im-
plicit behaviors where he used his explicit + implicit (e.g. Gaze cue) and explicit
gestures alone, in two different setups. Experiment results indicated that participants
were confused when the robot pointed an object without an implicit gaze behavior
(Breazeal et al., 2005).

Figure 2.4: Leonardo Robot Gaze (Breazeal et al., 2005)

10



2.1.1.2 Gaze on Emotions and Expressions

A robot could bene t from the ability to express personality or emotion. For example,
robots that interact with humans for a long duration of time should have a pleasant
personality, or helping robots should be trustworthy for their human companions.

Gaze is one of the many non-verbal behaviors that can express the personalities and
emotions of the user. Occurrence of gaze types inside a certain context can create
engaging interaction or mean negative emotions, such as gaze duration can generate
intimacy embarrassment, self-disclosure, or attraction (Kleinke, 1986). As Mehrabian
stated, people tend to gaze more at the people who they liked than disliked, which
they explained it as intimacy of gaze (Mehrabian, 1968). People also stare less with
interviewers when they are asked personal and embarrassing questions (Exline, Gray,
& Schuette, 1965).

In HRI, similar to human-human experiments gaze aversion can show feeling of dis-
trust (Normoyle et al., 2013) and withdrawn personalities (Andrist, Mutlu, & Tapus,
2015) or it can be utilized to seen as a thoughtful and creative agent (NAO robots were
used in an experiment, where they avert gaze before answering to participants' ques-
tions) (Andrist et al., 2014), depending on the context. Along with these expressions
and emotions, virtual agents' eye movements could be able interpreted as different
types of feelings, such as joy, fear, anger, disgust, and surprise (Z. Li & Mao, 2012).

2.1.2 Embodiment and Virtual Agents on Gaze

Precursor research with virtual agents led the way for embodied gaze research on
robotics (Admoni & Scassellati, 2017) and improved the understanding of gaze in
HRI (Ruhland et al., 2015).

The affect of gaze can be examined under three different category of agents: namely,
copresent (physically embodied as well as physically present in a user's environ-

ment(J. Li, 2015), telepresent (physically embodied but displayed on a computer

screen (J. Li, 2015) and virtual agents. It was shown that that physically copresent
embodied systems improve interactions over virtual and telepresent systems (J. Li,
2015). However it was also emphasized that there was no signi cant difference be-

tween telepresent and virtual agents (J. Li, 2015).

On the other hand, compared to robots, virtual agents can better control their bodies’
movement and gaze timing. Virtual agents are easily programmed to control their
facial expressions, mimics, eyebrows, eyelids, etc. Furthermore virtual agents could
add different body gestures along with the gaze behaviour (Ruhland et al., 2015).

2.1.3 Robot Appearance on Gaze

Gaze experiments conducted using robots with a range of diversity on appearance and
abilities. These setups vary non-humanoid robots to extremely life-like humanoid
robots and agents (Breazeal & Scassellati, n.d.) (Zaraki et al., 2014) (Sza r & Mutlu,

11



2012). Additionally, robots with varying gaze capabilities are also used. For exam-
ple, some robots can move their eyes balls, some have virtual faces through a com-
puter screen (Fitter, Mohan, Kuchenbecker, & Johnson, 2020), and some could blink
(Breazeal & Scassellati, n.d.) etc.

Varying gaze capabilities depends on the to the high cost of producing eye movements
on robots. Every single moving part of the robot must be generated by some motor or
actuator and these actuator must be small to t in robot and powerful to make rapid
movements. In other words, gaze capabilities, adjusts robot's complexity and cost,
thus people bear these requirements in mind to design their robots.

12



Figure 2.5: The Spectrum of realism factor of a robot with varying appearance and ca-
pabilities. Robots in the gure are: Wakamaru (Sza r & Mutlu, 2012), NAO Rdbot
Keepon KASPAR (courtesy of the Adaptive Systems Research Group, University
of Hertfordshire, UK), Kismet (Breazeal & Scassellati, n.d.), FACE (Zaraki et al.,
2014), LightHead (Delaunay & Belpaeme, 2012), vy (Andrist et al., 2013), and an
NPC (Normoyle et al., 2013). (The image taken from (Admoni & Scassellati, 2017))

1 Nao Robots designed by the company Aldebaran which is now Soft Bank Robotics
https://www.softbankrobotics.com/



The appearance and capability create a realism factor for face, and eye gaze (Admoni
& Scassellati, 2017). When the complexity increases and the more they resemble
a living animal or a human, the robot's eye gaze becomes more realistic. Figure
3.1 illustrates a robot's realism factor. The most right end side of the realism factor
spectrum comprises an actual living human, and when you go just below a human
gure, there are some cartoonish virtual agents. Further, you go on the left side of
the spectrum; there are other robots with face gestures and eye movement capabilities
such as Kismet; however, they are starting to lose complexity and face capabilities.
In general, robots on the right side can transfer more information with their faces
since they have more facial features. Robots on the extreme left side of the spectrum
generally do not have these features, such as Keepon, NAO robot, and Wakamuru.
However, their faces resemble animals or humans, and they can also generate gaze
stimuli. This logic is similar to the pareidolia phenomenon. Pareidolia phenomenon
suggests that humans tend to nd patterns, face like in our case, known for them.
Thus, even with these robots, which have static eyes and simplistic looks, we can
perceive their gaze.

Robot appearance directly impacts several different variables such as likeability, so-
ciability, perceived intelligence, etc. Not every robot is considered socially advanced
or likable, and also, some robots causing uncanny valley as Mori de ned (Mori,
1993). Uncanny valley is a certain area in which robots look both human-like and
robot-like simultaneously. This region becomes confusing for humans to categorize
agents. Hence Mori argued that humans tend to prefer a human-like over a robot-like
appearance. Additionally, Mori also stated that robot movements steepens the slope
of the uncanny valley (in gure 2.6) (Mori, 1993). UR5 Collaborative robot is located

on the far left side of the af nity graph, and properly designed movements improve
its af nity.

Figure 2.6: The Affect of movement on uncanny valley (Mori, 1993)

2.2 Head Gestures in HRI

Head gestures are a popular form of nonverbal communication method de ned by a

certain continuous movement of the head in a time period. They are used across var-
ious interactions such as conversation, collaborative tasks, instructions, etc. Meaning
in these interactions might change since they are evolved differently across cultures
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(Darwin, n.d.). Therefore head gestures generally vary not only in type but context
and social signi cance. Even though they convey semantic information, they can
enhance narration, regulate conversations, emphasize what's being said (Cha et al.,
2018)

In this review we mainly focused on several head gestures: namely head nodding,
head shake, and head tilt.

2.2.1 Head Nodding

Head nodding is a common non-verbal behavior in different cultures, meaning agree-
ment or understanding (Darwin, n.d.). There are several contrasting ideas about the
roots of nodding; as Darwin stated, head nodding behavior also originated from in-
fants when they try to get food into their mouths. They often inclined their heads for-
ward (Darwin, n.d.) hence this action resembled the head nodding behavior. However,
several types of research about head nodding argued the opposite, as blind children
do not use head nodding behavior (Iverson, Tencer, Lany, & Goldin-Meadow, 2000)
hence it might be learned behavior. To this day, the origin of head nodding behavior
continues to puzzle researchers.

In HRI, head nodding behavior is also used on varying types of robots. (Liu, Ishi,

et al., 2012)(Breazeal et al., 2005) (Sidner et al., 2006) To generate a natural head
nodding behaviour on robots, a time and angle model is needed for the movement of
the head. Figure 2.7b represents several different samples from humans head nodding
behaviour from a database (Liu, Ishi, et al., 2012). The duration of the nodding varies
between 0.4 to 0.7 seconds, and rstly there is a slight upward motion which generally
occurs before the down-up motion. Additionally, the maximum angle reached by
upward motion is slightly less than the down-up motion. In gure 2.7a, the dataset
samples averaged into one model for head nodding behavior.

(a) Average Head Nod (b) Head Nodding behaviour samples

Figure 2.7: Head Nodding behaviour (Liu, Ishi, et al., 2012)
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2.2.2 Head Shake

A Head shake is a common gesture used in many cultures and implies refusal, denial,
and disagreement. It is also a crucial non-verbal behavior that is learned in the early
development of an infant (learned at 10.29 months old) even before head nodding
(learned at 14.50 months old)(“Consistency in Early Vocabulary”, 2021). Darwin
was among the rst close researcher of the gesture, and he proposed, this gesture is
originated from how children refuse mothers' nipples, moving their heads side-to-
side.

In HRI, this gesture is used for several purposes, such as giving nonverbal cues in a
collaborative task. The robot, Leo, used these gestures as an explicit non-verbal cue to
the participants when they asked yes/no questions. (Breazeal et al., 2005). Addition-
ally, this behavior is used for several attention shifting experiments with humanoid
faces (Hoque et al., 2013).

2.2.3 HeadTilt

Head tilt is an animal and human gesture which is generally done unconsciously (e.g,
while posing photographs (Costa & Bitti, 2000)). This behavior also named head
canting and head cocking in the literature. It is de ned as tilting the head toward one
side so that the plane going from the middle of the forehead to mouth is not perpen-
dicular to the horizontal line connecting shoulders (Halberstadt & Saitta, 1987). In
gure 2.8 a head tilt behavior illustrated on a human and a dog.

Figure 2.8: Head tilt behaviour on dogs and humans (CarnesMS, 2019) (Costa &
Bitti, 2000)

There is no universal reasoning behind head tilt behaviour and it can have various
interpretations (Mara & Appel, 2015) (Heads, Llera, & Llera, n.d.). Dogs do this
behaviour to understand their surroundings and hear better (by opening their ear aps)
and sometimes it can indicate medical problems (Heads et al., n.d.)(CarnesMS, 2019).
People tilt their head in natural interactions settings %40 of the time unconsciously
(Halberstadt & Saitta, 1987). However ndings shows that this behaviour increase
perceived physical attractiveness (Otta, Lira, Delevati, Cesar, & Pires, 1994) (Costa
& Bitti, 2000) on humans. In HRI, paralel with the human experiments, the effects of
head tilt behaviour is observed (in gure 2.9). It was stated that the in uence of head
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tilt varied depending on the robot. However in general tilt behaviour improved several
parameters such as, likeability, cuteness(in gure 2.10) human-likeness etc.(Mara &
Appel, 2015)

Figure 2.9: Head tilt generation on different robots (Mara & Appel, 2015).

Figure 2.10: The Effect of Head Tilt on different robots. (Mara & Appel, 2015).
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CHAPTER 3

METHODOLOGY

In this chapter, the proposed behavioral model for assembly task and mathematical
descriptions of the four head gestures will be explained.

3.1 Mathematical Description of Head gestures on UR5

URS5 Collaborative RobotZollaborative robotic automation: Cobots from Universal
Robots n.d.) arm has six Degrees of Freedom (DOF), and it has no natural facial
structure. In order to generate head gestures, rstly, a face or head structure should be
formed on URS5 robot (Terzglu et al., 2020). Additionally, we separated the 6 DOF
system into two groups: body and head, to create a "head-on-neck" posture. The body
group consists of the rst three joints, and the head group, the last three joints. For
the head group, black sunglasses was xated on the manipulator to improve gazing
(Terziaglu et al., 2020). Lastly, for head gestures and gaze behavior, the body group
was xated by constraints, and head group joints were manipulated through some
inverse kinematics chains.

3.1.1 Gaze Behaviour

After xating the body group, an inverse kinematic model is required for the head
group orientation using gaze vector. Gaze vebtgy. is de ned as the vector begin-

ning at the eyes and ends at the target position in 3D space. In our case the previously
attached sunglasses was used as a point of observation for the UR5 collaborative
robot. However, the sunglasses' exact position cannot be solved by inverse kinematic
equations since it is not part of the UR5 robot inverse kinematic chain. To x this
issue, we assumed that sunglasses' locatidhdgPosition of6™ joint) and the tar-

get position was de ned aB,4e: - In the end, the gaze vector equation is illustrated
below.

2 3
I:)target X I:)j 6x
Vgaze =4 F)targety I:)j 6y S (3.1)

Ptarget z I:)j 6
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After computing the gaze vector, which is de ned ¥g.e, an inverse kinematic
solution is required to align the head group look at a certain position. In an ideal
scenario the z-axis of thé" joint should intersect with the gaze vector, to imitate
gaze behavior. However, in our case, it is a little bit more complex because of the
URS robot's head group joint structure. UR5 Head group joint frames are illustrated
in Figure 3.1.

Figure 3.1: Collabrative UR5 robot last three joint frames

In URS the last three joints have a non-spherical servo con guration. By de nition, a
spherical wrist consists of three revolute joints where all of its revolute joints Z-Axes
(Z4, Zs, Zg) intersect on the center of the second a revolute joint as it is illustrated

in Figure 3.2. This special circumstance creates a sphere equation centered around
the second revolute joint. In other words, this alld¥sjoint of the spherical wrist

to reach every single point on that sphere.This special con guration would let our
robot's head group look at every single position by aligning the z-axis of its last
revolute joint with the gaze vector.In other words inverse kinematics of a rotation
matrix for 3 joint would give the desired behaviour.
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Figure 3.2: Spherical Wrist Con guration

Even though the UR5 Collaborative robot does not have spherical wrist con guration,

it is assumed to have one to generate gaze behaviour. As previously explained gaze
vector starts from the head group's third joint positiéte) and ends at the position

to look (Prrget ). A gaze behavior is created by aligning the z-axis of the head group's
third joint with the gaze vector. In Figure 3.3 the difference between these two vectors
identi ed with a degree, . In order to represent this mathematically a rotation matrix,
Ryaze, IS Needed and to generate gaze behaviour an inverse kinematic solution is used
to compute the rotation matrix.
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Figure 3.3: The Gaze vector representation on UR5 Collaborative robot

Two different rotation operation is needed to align the last revolute joint's z-axis with
the gaze vector. One is on the x-axis, and the other is on the y-axis. By rotating in
x and y axis, the orientation of the z-axis is preserved. The rotation m&&gixe,

depends on,, rotation in the x-axis and,, rotation in y-axis, which is de ned as
below:

1 0 0 3 2 cos(,) O sin( 2)3
R,=40 cos(;) sin(1)2;R,=4 0 1 0 9 (3.2)
0 sin( 1) cos(,) sin( ;) 0 cos(,)

In Figure 3.4 this operation is illustrated.
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Figure 3.4: Rotating z axis to align withgye

The Multiplication of these matrices would provide the gaze rotation maRj¥se,
as in equation 3.1.

R, R, = Rgaze (3.3)

After computing the rotation matrix agyaze, inverse kinematic model is used to
compute the values of the last three joints of the UR5, head group joints.
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3.1.2 Head Gestures

In this chapter mathematical models for UR5 Collaborative robot's head behaviours
will be presented. In general head behavior can be de ned as several tilt action on the
different angles that bisect the head from three orthogonal planes. These orthogonal
planes are shown in Figure 3.6. Different head behaviors can be performed by moving
the head on these planes.

Figure 3.5: Human head Rotation axis

Consecutive top-down tilt on the sagittal plane would be our main approach for suc-
cessful head nodding behavior. In other words, after a successful assembly task, this
action can be used to inform human participants about the state of the job. Again,
with the consecutive movement of the head on the horizontal plane an head shake
behaviour will be implemented. Lastly, a head tilt behaviour is implemented by the
rotating the head on coronal plane.

These head gestures can also be represented as rotational matrices for the robot's head
Group. Like a animal or human head, the UR5 robot also has three different rotation
planes. In Figure 3.6 these rotation axes are highlighted while the robot is focusing
on an object, a grey box. Similar to gaze behavior, these head gestures can also be
achieved with the inverse kinematic solutions of the rotational matrices for the head
group joints. In Figure 3.6 from the initial position of the robot head group's state,
rotations on three different axis would map to head shake, head nod, and head tilt
behaviours.
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Figure 3.6: UR5 Robot Rotation axis, Blue z-axis, green y-axis and red is x-axis of
the robot head group.

Rinitar  represents the current rotation of the head group joints. In equatioR,3.4)
represents the rotation movement in x-axis, in equation B,%, ) represents the
the rotation movement in y-axis and lastly in equation B4 ) represents the the
rotation movement in z-axis.

Rinitar ~ Rx( ) (3.4)
Rinitar ~ Ry( ) (3.5)
Rintial  Rz( ) (3.6)

More explicitly, these equation can be represented in 3.7, 3.7, 3.9.

21 0 0
Rinia 40 cos()  sin( ) (3.7)
0 sin() cos()

2 3
cos() O sin()

Rinia 4 0 1 093 (3.8)
sin() 0 cos()
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2cos() sin( ) O3
Rinir 4sin( ) cos() 03 (3.9)
0 0 1

The inverse kinematic solution of equation 3.7 for the head group can achieve a hor-
izontal plane movement for the end-effector. With similar logic different, movement
of the head represented mathematically for our three head gestures.

3.2 Head Shake

(a) Left Head State. (b) Initial State. (c) Right Head State.

Figure 3.7: Head Shaking States.

In Figure 3.7 three different states of head shake illustrated. Respectively moving
from initial to left head state, from left head state to right, and lastly going back to
initial state would imitate a head shake behavior for UR5 Collaborative robot. These
head states can also be represented as rotational matrices respectively, left head state
in equation 3.10, initial head state in equation 3.11 and right head state in equation
3.12.

2 3
1 0 0
Riniar 40 cos()  sin( )9; where is, =5= (3.10)
0 sin() cos()

Rinitial (3.11)
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2 3
1 0 0

Riniar 40 cos( ) sin( )9; where is, =5= (3.12)
0 sin( ) cos( )

3.3 Head Nod

Like Head Shake behavior, head nodding behavior states can also be represented with
rotational matrices for head group joints. We have implemented the head-nodding
gesture by moving the gripper along the vertical axis using the data recorded from
head nodding in humans (Liu, T., et al., 2012) and generated the gesture with similar
velocity pro les as illustrated in 3.8.

Figure 3.8: Human head movement graph for previously recorded head nodding be-
havior (Liu, T., et al., 2012).

For head nodding behaviour again there are three different states as illustrated in
Figure 3.9. Consecutive movement, along with these states, would imitate a nodding
behavior. In other words, respectively, going from Initial state to Upper Head State,
from Upper Head State to Lower Head State, again going from Lower Head State
to Upper Head state, and lastly going Upper Head State to Initial State would create
a nodding behavior for UR5S Collaborative robot. These states similar to nodding
behaviour can also represented in three different equations, respectively Upper Head
State in equation 3.13, Initial Head State Equation in equation 3.14 and Lower Head
State in equation 3.15.

2 3
cos() O sin()

Rinitial 4 0 1 0 3) ; where is, =180 = (313)
sin() 0 cos()
Rinitial (3.14)
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(a) Upper Head State. (b) Initial State. (c) Lower Head State.

Figure 3.9: Head Nodding States.

2 . 3
cos( ) O sin( )
Rinitial 4 0 1 0 o ; where is, =45 = (315)
sin( ) 0 cos( )

3.4 HeadTilt

Another mathematically modelled head gesture is head tilt. A small rotation on the
third and nal head plane, coronal plane, would create this behavior. Similar to other
head gestures, mathematically this behavior can also be represented with rotation
matrices as shown in equation 3.6. Tilt pro les used from previously tested humanoid
robot experiments as 20 degree (Mara & Appel, 2015).

Again consecutive movement along these states would imitate a Head Tilt action. In
this time, going from initial to coronal tilt state and going back to initial state would
create this behavior. Initial state's mathematical representation shown in equation
3.16 and coronal tilt state's mathematical representation shown in equation 3.17.

Rinitial (3.16)

2 . 3
cos( ) sin() O

Rintar  4sin( ) cos() 05; where is, = =12 (3.17)
0 0 1
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(a) Initial Head State. (b) Coronal Tilt.

Figure 3.10: Head Tilt Behaviour States.

3.4.1 Eye Contact Behaviour

Eye contact is another method that has been used behaviour experiments. This behav-
ior is mainly used to create better, responsive interactions between robots and humans.
It has been developed to respond to human eye contact. To achie¥gthisf the

human is observed by the main code continuously and checked if it intersects with
Robot Head Group. From the forward kinematics of the UR5 Collaborative robot,

a position of6" joint is found, and a spherical area is generated to minimize possi-
ble instability coming fromVy,,e vector of human. Since the human eye is dif cult

to track, unwanted mobility can occur while ndingy,.. thus; this spherical region
creates an error gap. Mathematically this process can be represented as a line-sphere
intersection equation in 3.18.

d=(b? 4 ac (3.18)

wherea, b andc represented in equations respectively in Equation, 3.19, 3.20 and
3.21.

a=U U (3.19)
b=2 U (P C) (3.20)
c=Q Q (rr) (3.21)
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U represents the unit vector in the directiongfe, P is a point inVyaze, I' is radius

of the sphere(C is the centre of the sphere which is positione8f joint and lastly

d in Equation 3.18 output. I8 is higher or equal to 0, we can think th¥§.,¢ is
intersecting with the sphere. In other words, the human gaze is looking at the robot
head. Moreover this sphere is visualized in Figure 3.11.

(a) Human Robot Environment.

(b) Gaze Sphere visualization for Human-Robot Environment. When of human par-
ticipant, intersects with the yellow area eye contact behaviour is triggered.

Figure 3.11: Robot Gaze Sphere illustration

After human worker looks at the robot head, our gaze behaviour for robot is triggered
with that UR5 Collaborative robot turns his head to human participant. This action is
visualized in Figure 3.12.
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