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How it began: Kismet (Breazeal 1993–2000)

Cynthia Breazeal, Designing Socialiable Robots, MIT Press, 2002
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Kismet: The first “Social Robot”

▶ pan-tilt robot head
▶ forward/retract head shift
▶ pan-tilt eyes with eyelids
▶ expressive mouth, eyebrows, ears
▶ cameras, microphone, and speaker

▶ human-like gaze (e.g. saccades)
▶ no speech, but expressive audio
▶ behavior and motivation system

▶ intentionally, no face skin
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Kismet: Hardware Overview
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Kismet: Vision- and Motion-Software Architecture

one head, total 15 computers, 4 operating systems (speech system not shown here)
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Kismet: Behaviour System

Motivations, attention, novelty + habituation
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iCub Head (Metta 2006)

▶ size of 4-year child
▶ rigid face mesh

▶ 3-DOF neck + IMU
▶ 3-DOF eyeballs (i.e. vergence)
▶ 1-DOF eyelids (version 2)
▶ LEDs for 7 basic emotions

▶ YARP middleware
▶ price 40.000 EUR

Beira et al., Design of the Robot-cub (iCub) Head, ICRA 2006, www.iit.it/web/icub/products/product-catalog
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Kaspar (Dautenhahn 2006)

Low-cost design, portable, head with flexible skin, 16-DOF, targeting HRI-studies with autistic children
M. Blow, K. Dautenhand et al., The art of designing robot faces: ACM conference on HRI, 2006
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Kaspar: Evolution 2005–2019

Wood et al., Developing Kaspar: A Humanoid Robot for Children with Autism, IJSR 2019
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Leardal Resusci Anne

▶ key hardware part for Kaspar: affordable silicon face
▶ perhaps we should order a few of these?

Medical training, mouth-to-mouth breathing and intubation, exchangable face masks, used for Kaspar
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Social Robots Spectrum (Dautenhahn 2009)
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Flobi (CITEC 2010)

modular head, face+neck+hair+mouth can be swapped at runtime (magnetic)
Lütkebohle et al. (Wachsmuth), The Bielefeld Anthropomorphic Robot Head ’Flobi’, ICRA 2010
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Flobi: Six basic emotions
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Gruselkabinett (from Flobi paper 2010)
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Head Comparison
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Furhat Social Robot

furhat.com/
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Navel: Eye-contact

Navel robotics website, navelrobotics.com/en/home-en-2/
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Navel: Head Expressions and Emotions

Navel robotics website
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QTrobot
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QTrobot hardware

https://luxai.com/humanoid-social-robot-for-research-and-teaching/

N. Hendrich – Humanoid Robot Heads – TAMS Oberseminar 01/Nov/2022 22 / 113



QTrobot research package

https://luxai.com/humanoid-social-robot-for-research-and-teaching/

N. Hendrich – Humanoid Robot Heads – TAMS Oberseminar 01/Nov/2022 23 / 113



Motivation
Robot Heads for Social Robotics
Ultra-realisitic Robot Heads

Geminoid
Sophia
Ai-Da
Gemma

What can a Robot Head Do?
USST Robot Head
Future Work

N. Hendrich – Humanoid Robot Heads – TAMS Oberseminar 01/Nov/2022 24 / 113



Geminoid + Eve + Erica (Ishiguro 2009)

Geminoid initially teleoperated only (including voice), some autonomy since
www.geminoid.jp/projects/kibans/resources-j.html
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Alter3 (Ikegami 2018)
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Sophia (Hanson Robotics, 2017)
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Sophia (Oktoberfest, 2019)

DIA 2019 Munich, www.youtube.com/watch?v=Y0HkIG2x4FU
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Ai-Da (U Oxford, 2022)

Spiegel Online, The Guardian
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Gemma (Engineered Arts, 2021)

www.youtube.com/watch?v=bC DZlweviI — The Rising World of Building AI Human Clones
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Gemma: Face Actuators

www.youtube.com/watch?v=bC DZlweviI — The Rising World of Building AI Human Clones
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Gemma: Mask-Making

www.youtube.com/watch?v=bC DZlweviI — The Rising World of Building AI Human Clones
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What can a Robot Head do?

▶ visual and audio and touch sensing
▶ uni-modal and multi-modal
▶ visual object detection, tracking
▶ sound-source localization, separation
▶ visual/audio integration: ego-sphere

▶ eye motions
▶ facial expressions and emotions

▶ expressive voice
▶ speech dialog system
▶ long-term goal: human-like interactions

USST Robot Head 2021 (Ula)

Amazon Echo Dot 2022 (Alexa)
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Example: CommU food recommendations
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Facial Expressions: Pan-Am Smile

Zeca toy robot, University of Augsburg, ROMAN Workshop 2016
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Example: ERICA job interview

www.youtube.com/watch?v=j1h1KOeCHjg - JST ERATO IsHIGURO Symbiotic Human-Robot Interaction project
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Multimodal Turing Test (Teleoperation)

Ishiguro, Embodied Intelligence Workshop, 2021
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Ishiki System

Ishiguro, Embodied Intelligence Workshop, 2021
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Ishiki System: Concepts and Architecture

Ishiguro, Embodied Intelligence Workshop, 2021
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Ishiki System: Mapping to the Human Brain

Ishiguro, Embodied Intelligence Workshop, 2021
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Takashi Ikegami: Alter 1

Takashi Ikegami, Embodied Intelligence Workshop, 2021
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Takashi Ikegami: Evolution of Alter
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Switching Mimicry and Memory Based Behavior

Ikegami, Embodied Intelligence Workshop 2021
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Switching Mimicry and Memory Based Behavior
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Imitation Learning of Facial Expressions

Chen at al., ICRA 2021
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Imitation Learning of Facial Expressions

Chen at al., ICRA 2021
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Eye-Tracking for Learning Visual Attention

Fu et al., CML summerschool 2022
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Lip-Motion Detection and Speaker Tracking

Fu et al., CML summerschool 2022
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ULA Head (USST + UHAM 2020)

Actuators
10 RC-servos

▶ neck: yaw, pitch, roll
▶ lower jaw: chewing

left and right eye each:
▶ eyeballs: pan, tilt
▶ eyelid: open/close

facial expressions:
▶ mouth corners
▶ eyebrows

▶ loudspeaker

Sensors
▶ 2 webcams
▶ 4-microphone array
▶ IMU
▶ tactile skin?
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URDF Model

Fixed face mesh. 10-DOF: 3x neck pan+tilt, 1x yaw, 4x eyes, 2x eyelids.
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ROS Drivers

Arduino  Due
USB (115200 bd)

10x RC-Servo

2x USB webcam

16-channel PWM

SRDF

camera
calibration

YAMLs

URDF

servo
calibration ROS (Melodic)

joint_goals

actions and skills

USST head driver

look at, blink, ...

teleopvision (e.g. gazr)usb_cam

head behaviours / demos

Linux PC

git.mafiasi.de:hendrich/usst head ros.git + git.mafiasi.de:hendrich/usst head arduino.git
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Gazebo simulation

USST head + position controllers + cameras, furniture, sliding humans
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Vision Pipeline

 

object detector
YOLO v3/v4VOCUS 2

saliency map

. . .

Gazr
face detector

. . .

object tracking

look-at eye saccades eye blinking

. . .

2x USB webcam

usb_cam

throttle+resize rviz

image/camera

TF

throttle+resize

behaviours
attention and

throttle+resize
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Vision pipeline: ROS nodes

usb cam@60Hz + throttle + ../image proc/crop decimate + ../image proc/resize + rqt reconfigure
pipeline 60% CPU + gazr 100% CPU + vocus 400% CPU
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usb_cam @ 60 Hz
throttle
../image_proc/crop_decimate
../image_proc/resize
rqt_reconfigure


Gazr

Face detector (eyes, nose, mouth), outputs human head position and orientation)
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VOCUS2

Coronavirus dogtoy the most salient object ever :-)

N. Hendrich – Humanoid Robot Heads – TAMS Oberseminar 01/Nov/2022 59 / 113



Usage / Demos

% prepare workspace, clone dependencies
cd ˜catkin_ws/src
git clone git:mafiasi.de:hendrich/usst_head_ros.git
git clone ... (ros-*-desktop-full ros-*-usb-cam tams-gazr vocus ...)
catkin_make

roslaunch usst_head_ros usst_head_urdf.launch (URDF model in rviz)
roslaunch usst_head_ros usst_head_plotjuggler.launch (not a lot to plot here)
...

roslaunch usst_head_ros usst_head_bringup.launch (Arduino driver + urdf + rviz)
roslaunch usst_head_ros usst_head_nanokontrol.launch (NK teleop)
roslaunch usst_head_ros vocus_usbcam.launch (Vocus saliency tracking)
roslaunch usst_head_ros gazr_usbcam.launch (Gazr person tracking)
...
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Neck motions: head shaking and nodding

▶ simple joint-level controller
▶ sine-wave motions
▶ user-defined bias, amplitude, frequency

Φ(t) = Φ0 + a · sin(2π · t/T + ω0)

▶ set via node params or dynamic-reconfigure
▶ initial values based on Gazr tracking

▶ triggered by teleop
▶ triggered or inhibited by behaviours/speech
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Neck motions: example from Gazr tracking

Gazr face poses converted to Euler angles, tracking around 8 Hz only. Head shaking to the left (t = 76), then
right(t = 78.25), then nodding (t = 80.25). Amplitudes: 0.45, 0.35, 0.2, period: 400 ms
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Four types of eye-motions

1. vergence (focusing near objects)
2. head motion compensation (image stabilization)
3. object tracking (keeping objects in fovea)
4. saccades (scanning the scene)

Eyelid motions:
▶ eyelid wide open (surprise, staring)
▶ eyelid closing reflex (protecting the eye)
▶ eyelid blinking (cleaning the eye)
▶ winking (social interaction)
▶ eyelid closing (getting sleepy)
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Eye Motions: 1. Vergence

▶ adjust pan-angle of both eyes
▶ to look precisely at a given target object
▶ so that the object is mapped to the fovea

▶ most social robots do it
▶ important social clue: where is my partner looking at? which

distance?

▶ my URDF/simuluation supports this
▶ but ULA-head has coupled eye-pan
▶ implemented using Bio-IK look-at goals
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Eye vergence: Reading a book

bio-ik: 2x look-at goal, minimum-displacement, random delays
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Eye Motions: 2. Head-motion compensation

▶ “rolling shutter” retina
▶ most animals stabilize the eyes during head turns
▶ reducing motion blur on the fovea
▶ eye-pan is reset when joint-limits are reached
▶ also triggered by inner ear (IMU)

▶ again, using Bio-IK look-at goals
▶ want velocity-controlled servos for best performance

▶ simple self experiment:
▶ move hand in front of the eyes: motion blur
▶ move head while looking at the hand: sharp image
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Eye Motions: 3. Object tracking

▶ tries to keep target object in fovea
▶ combination of eye pan/tilt and neck motions
▶ similar to head motion-compensation
▶ again, eyes ”reset” when near joint limits

▶ implemented by Bio-IK look-at goals
▶ again, want velocity-controlled servos for best performance
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Eye Motions: Bio-IK with Look-At Goals

request = bio_ik_msgs.msg.IKRequest()
request.group_name = "head_all_group" # neck and eyes and lids
request.timeout.secs = 0.005
request.approximate = True

l_look_at_goal = bio_ik_msgs.msg.LookAtGoal() # left eye
l_look_at_goal.link_name = "usst_head/l_eye" # link from urdf model
l_look_at_goal.weight = 2.0
l_look_at_goal.axis.x = 1.0 # x points forward y=z=0
l_look_at_goal.target.x = target.x # same for y and z
request.look_at_goals.append( l_look_at_goal )
... # repeat for right eye

keep_neck_yaw_goal = bio_ik_msgs.msg.JointVariableGoal()
keep_neck_yaw_goal.variable_name = "usst_head/neck_yaw_joint"
keep_neck_yaw_goal.weight = 0.1
keep_neck_yaw_goal.variable_position = joint_state.position[0]
request.joint_variable_goals.append( keep_neck_yaw_goal )
... # repeat for pitch roll

ik_server = rospy.ServiceProxy( "/bio_ik/get_bio_ik", bio_ik_msgs.srv.GetIK)
response = ik_server( request )
angles = response.ik_response.solution.joint_state
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Head motion compensation: Face tracking

top: target (x,y,z) middle: neck (y,p,r) bottom: eye (pan,tilt)
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Eye Motions: 4. Ballistic Saccades

▶ idle eye motions are not smooth at all
▶ very rapid (”ballistic”) motions
▶ followed by short fixation of the scene
▶ 3..5 saccades per second, or
▶ about 150.000 Saccades per day
▶ motions different for stimuli-driven and memory-driven

▶ fixation points not randomly distributed
▶ e.g. eyes + nose + mouth + face boundary, but not chin ...
▶ typical patterns well researched
▶ but high inter-person variances
▶ different saccade patterns for autism, ...
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Saccades: Looking at a face

if (detected face):
select saccade target position
(25% l-eye, 25% r-eye, 10% nose, 20% mouth, 20% random)
execute saccade motion
publish VisualMarkerArray on top of gazr face pose

else:
select salient object
. . .
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Eye Motions: blinking

▶ simple control process
▶ stationary states: sleeping - awake - wide-open
▶ random blinking with controllable timing
▶ deliberate (one eye-) winking

▶ enable/inhibit via single activation topic
▶ e.g. disabled when danger detected

N. Hendrich – Humanoid Robot Heads – TAMS Oberseminar 01/Nov/2022 73 / 113



Eye Motions: want depth from head turning

▶ eyes (cameras) mounted in front of rotation axes
▶ neck motions generate disparity images
▶ try to recover depth information from multiple images

▶ also used by (one-eyed) people (and animals)

▶ already mentioned by Brooks in 1993, probably by others
▶ but I don’t remember any implementation - why?
▶ needs high precision eye+neck pan angles

e.g., Newcombe and Davison, Live Dense Reconstruction with a Single Moving Camera, CVPR 2010
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Object tracking / Neck-motion compensation

▶ target direction from vision pipeline
(Vocus, Yolo, Gazr)

▶ create bio-ik look-at goals
▶ add some head-motion “momentum” term
▶ add MinimalDisplacementGoal

▶ RC-servo hardware limitation:
▶ servos are position control only
▶ low servo update rate (50 Hz)
▶ servos not synchronized
▶ so, slightly shaky

▶ replace with bus-servos (e.g. Dynamixel/Feetech)
▶ or direct-drive motors
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Staring contest. . .

    else:
      bashful_look_away( challenger );

      stare_back( challenger ); 

    relaunch_previous_tasks();
  else:
    look_at( challenger );
  elif (t > threshold1): // first stare

    if looks_dangerous( challenger ):
  if (t > threshold2): // long stare
  t,challenger = find_max( stare_duration )
process stare_handler:

  look_at( challenger );
  raise_eyebrows();
  disable_eye_blinking();
  save_current_eye_tasks();
function stare_back( challenger ):function bashful_look_away( face ):

  stare_duration[ face ] = 0

  stare_duration[ face ] += delta
else:

else:

if have_eye_tracker:

eye_tracker

process stare_detection:

    

  foreach( face: detected_faces ):

detected_faces[]vision + gazrusb_cam

  d = |reproject_eye_direction-my_eye|

  d = |reproject_gazr_direction-my_eye|
if (d < threshold): // somebody staring

function ...()

function look_at( face ):
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Staring detection (gaze direction reprojection)

yellow: look-at target, brown: gazr face, blue: human gaze reprojection
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ReSpeaker 4-Mic Array

https://wiki.seeedstudio.com/ReSpeaker Mic Array v2.0/

N. Hendrich – Humanoid Robot Heads – TAMS Oberseminar 01/Nov/2022 79 / 113

https://wiki.seeedstudio.com/ReSpeaker_Mic_Array_v2.0/


ReSpeaker + Audacity

channel 1: combined voice (50 ms delay), channels 2-5: microphones, channel 6: headphone output
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ReSpeaker + ROS

▶ ROS node, realtime audio for all microphone channels
▶ channels 2,3,4,5: raw microphone data
▶ channel 1: speech (merge channels, normalize volume)
▶ publishes sound source localization (direction)

▶ interfaces to Python SpeechRecognition
▶ depends on (broken) catkin virtualenv: remove

roslaunch respeaker_ros respeaker.launch
rostopic echo /sound_direction # Result of DoA
rostopic echo /sound_localization # Result of DoA as Pose
rostopic echo /is_speeching # Result of VAD
rostopic echo /audio # Raw audio
rostopic echo /speech_audio # Audio data while speeching

github.com/furushchev/respeaker ros
python -m pip install pyusb pixel ring

vi CMakeLists.txt (remove python virtualenv) catkin make
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Python SpeechRecognition (3.8.1)

A Python library for speech recognition, with support for several
engines and APIs, online and offline:
▶ CMU Sphinx (works offline)
▶ Snowboy Hotword Detection (works offline)

▶ Google Speech Recognition
▶ Google Cloud Speech, IBM Speech to Text, Microsoft Bing Voice

Reconition, Wit.ai, Houndify API

▶ Demo (using Google test key, could be revoked at any time)

pip install SpeechRecognition
python -m speech recognition

pypi.org/project/SpeechRecognition
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ROS: Text-to-Speech

Mozilla TTS?
▶ choice of language and vocoder models
▶ one deep-network trained female voice
▶ very good speech quality
▶ but long sentences truncated

Acapela
▶ already used at IROS-19 competition (PAL Tiago)
▶ supports many languages
▶ choice of different English voices

other systems?
https://www.acapela-group.com/demos/, https://github.com/mozilla/TTS
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Speech Recognition

cd src/tbd_audio_stack/tbd_audio_recognition_deepspeech && mkdir models && cd models
wget github.com/mozilla/DeepSpeech/releases/download/v0.8.2/deepspeech-0.8.2-models.pbmm
wget github.com/mozilla/DeepSpeech/releases/download/v0.8.2/deepspeech-0.8.2-models.scorer
catkin build -DPYTHON_VERSION=3
roslaunch tbd_audio_recognition_deepspeech run_recognition.launch
rostopic echo /utterance

header: seq: 41 stamp: secs: 1660751696 ...
text: "bring me the red apple"
confidence: -30.367855072021484
word_list:

- bring
- me
- the
- red
- apple

timing_list: [17, 33, 52, 61, 80]

header: seq: 42 stamp: secs: 1660751708 ...
text: "university of hamburg"
confidence: -20.71257781982422
word_list:

- university
- of
- hamburg

timing_list: [18, 59, 77]

...

Mozilla Deep Speech, https://github.com/mozilla/DeepSpeech, https://github.com/CMU-TBD/tbd audio stack
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Keyword Recognition: Turtlesim speech teleop

roslaunch tams_deep_speech turtlesim_speech_teleop
"start left straight left ... (watchdog)
right walk slower right stop ... (watchdog)
right right right jump ... (watchdog)
left left bla left run ..."

"left" -> { left, lift, let, it, ...}
"reverse" -> { reverse, rivers, ...}

git.crossmodal-learning.org/norman.hendrich/tams deep speech
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Soundex, Metaphone, and Levenshtein

vanilla keyword recognition not robust enough

▶ phonetic similarity (Soundex, Metaphone)
▶ soundex example: ’robert’, ’rupert’ → ’R163’

▶ fuzzy word matching (Levenshtein distance)
▶ number of steps to reach one string from another
▶ addition, deletion, modification of single character
▶ ’kitten’ → ’sitten’ → ’sittin’ → ’sitting’
▶ computationally expensive for long words / large distances

▶ . . .

en.wikipedia.org/wiki/Soundex, en.wikipedia.org/wiki/Levenshtein distance, pip install phonetics cologne phonetics
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ODAS: Sound Source Localization and Tracking

(rviz+ODAS+ROS with respeaker 4-microphone input)
Open Embedded Audio System github.com/introlab/odas, github.com/introlab/odas ros
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What is missing? User Interaction Example

multimodal user-interaction

furhat.com, Furhat Robot Manual
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Future work: What? Who?

▶ flexible skin (German)

▶ ros4hri (Norman)
▶ realistic eye-motions (?)
▶ speech and dialog system (?)

▶ duplicate existing demos? (e.g. iCub @ WTM)
▶ re-implement cognitive architectures? (e.g. Ishiguro’s stuff)
▶ learning from observing humans?

▶ your ideas here. . .
▶ BSc and MSc theses?
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ROS4HRI: “social signal processing”

▶ recent initiative
▶ implement HRI basics for ROS1

▶ 18-DOF human URDF model
(sticks+spheres / ragdoll)

▶ face/body/voice identifiers
▶ person IDs and tracking
▶ based on OpenPose/OpenFace

▶ gaze and group interaction
▶ age, gender, emotions
▶ based on Intel OpenVINO

Y. Mohamed and S. Lemaignan, ROS for Human-Robot Interaction, IROS 2021, github.com/ros4hri
github.com/CMU-Perceptual-Computing-Lab/openpose

github.com/openvinotoolkit/openvino
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ROS4HRI Pipeline

▶ note: no audio yet, no ego-sphere or similar

Y. Mohamed and S. Lemaignan, ROS for Human-Robot Interaction, IROS 2021, github.com/ros4hri
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OpenVINO: pre-trained networks and demos

more than 70 ready-to-run networks: github.com/openvinotoolkit/openvino
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Multimodal Perception: Sensory-Ego-Sphere?

▶ saliency + habituation
▶ visual+audio+tactile events

▶ mapped to spherical coordinates
▶ image-based representation
▶ controls head-motion and gaze

J. Ruesch, A. Lopes, A. Bernardino, J. Hörnstein, J. Santos-Victor, R. Pfeifer, Multimodal Saliency-based Bottom-Up Attention.
A Framework for the Humanoid Robot iCub, ICRA 2008
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Compare: Furhat Attention Panel

furhat.com, Furhat Robot Manual
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Human Saccades: Recording Approach
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Saccades: Traces
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Saccades: Velocity Profile
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Saccades: Neural Mechanism
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Saccades: Control (theory)
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Saccades: Visually Guided (salient region)
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Saccades: Memory Guided
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Saccades: Driving a Car
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Saccades: Microsleep
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Saccades: Parkinson’s Disease
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Want a Dialog System!

▶ users expect Alexa-style capabilities
▶ but how to implement this?

▶ no pretrained manipulation/service-robot agents yet
(GPT-3 etc. only talk, little context, no robotics)

▶ adapt existing dialog manager?
▶ Prof. Usbeck told us he had one ready,
▶ but never replied which one. . .

▶ Rasa?
▶ only open-source system I found (so far)
▶ mixed bag of ML tools. . .
▶ very complex setup, very restricted dialogs

Rasa Open source conversational AI, https://rasa.com/
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Rasa: 5 Levels of Dialog Assistants
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Rasa: 5 Levels of Dialog Assistants (cont’d)
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Navel: Dialog strategies

▶ proxemics, facial expression, gestures
▶ eye contact, saccades, gaze aversion, blinking
▶ emotional voice
▶ greeting, get to know name, farewell,
▶ games, jokes, chit chat,
▶ vivid behavior, positive reinforcement, compliments,
▶ dialog guidance, activating questions,
▶ online services, weather, menu
▶ positive psychology questions, nodding

▶ demo video (’dialog strategies. . . ’)
▶ targeting first-time users
▶ not clear, whether memory and learning is implemented

Navel robotics, keywords from promo video. . .
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Furhat: Cardgame Example

furhat.com/
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Take home messages

▶ robot head market overview
▶ youtube.com/watch?v=bC DZlweviI

▶ some progress on ULA head
▶ working on multimodal PR2 HRI demos

▶ Neopixel eyes
▶ Mozilla TTS + deep speech
▶ ros4hri + openvino

▶ beware the Uncanny valley :-)
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